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  Exposure to certain kinds of environmental stress factors, such as chemical, heat, osmotic, 
etc., induces living organisms to express stress proteins, thereby enabling the organism to 
acquire stress tolerance. This phenomenon is called the "stress response". Especially, the 
heat-inducible proteins termed “heat-shock proteins (Hsps)” constitute an important part of the 
stress-responsive proteins [1]. 
 In 1969, Hsps are discovered from salivary grand chromosome in Drosophila [2], and it has 
been shown that mRNA of Hsps is synthesized in heat-shocked puffs [3]. Moreover, it has been 
also shown that specific proteins are induced by heat-shock in Escherichia coli [4,5]. 
Furthermore, yeast Hsps are also discovered in 1979 [6,7]. 
 Hsps are highly conserved from prokaryote to higher organism such a human, and categorized 
families according to their molecular weight. Hsps function as not only thermotolerance factors 
but also molecular chaperones. Hsp70 family includes cytosolic, mitochondrial and 
ER-localized, they have roles in protein translocation and recovery of denatured proteins. ClpB 
(E. coli) and Hsp104 (Saccheromyces cerevisiae) are representative Hsp100 family. Hsp100 is a 
potent thermotorelance factor and molecular chaperone. Hsp90 family is involved in signal 
transduction, and also known as a activity regulation factor of steroid hormone receptor. Hsp60 
(chaperonin) family is localized in mitochondria, and involved in mitochondrial protein 
translocation and refolding of denatured proteins. In addition, Hsp40 family and small 
molecular weight Hsps (small Hsps) are also existed [8,9]. 
In yeast S. cerevisiae, there are many Hsp homolog such as described above. In the 
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Saccharomyces cerevisiae genome, there are ca. 14 HSP70-like genes. The SSA, SSB and SSE 
families are cytosolic HSP70 [10-12], whereas the SSC1 is localized to the mitochondria 
[13,14]. In addition, KAR2 (BiP) is localized to the endoplasmic reticulum [15-18].  
Originally, Hsp104 has known that is involved in thermotolerance because Hsp104 is highly 
expressed by heat-shock treatment [19]. However, it has been shown that Hsp104 has a role in 
the refolding of denatured proteins [20], and it functions with Hsp70 and Hsp40. Although 
Hsp104 has chaperone activity alone, the refolding ability increases significantly in the 
presence of Hsp70 and Hsp40 [21]. In addition, it has been shown that Hsp26 is also involved 
in the refolding system according to these Hsps [22,23].  
After the discovery of refolding system by Hsp104, Hsp70 and Hsp40, the applied studies 
have been carried out, in particular, misfolding disease. Misfolding disease is caused by the 
accumulation of denatured proteins in the cells. Prion disease is one of the neurodegenerative 
disorder including Creutzfeld-Jacob disease (CJD) and bovine spongiform encephalopathy 
(BSE). These prion disease are caused by accumulation of abnormal prion in the brain, 
resultantly brain tissue is changed to sponge-like strucuture and lead to death. In yeast, 
prion-like protein has been discovered, and it has been shown that the prion curing occurres by 
Hsp104, Hsp70 and Hsp40 [24-28]. In addition, the studies of Huntigton's disease (HD) that is 
one of the polyglutamine (polyQ) diseases have been carried out using yeast system. 
Abnormally extended polyQ in Huntingtin that is pathogen of HD is aggregated in the cells, and 
it shows cell toxicity. Overexpression of molecular chaperones in polyQ-expressed yeast shows 
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the suppression of polyQ aggregation [29]. However, a paradox is presented because the 
formation of polyQ aggregation requires small amount of Hsp104. Although overexpressed 
Hsp104 suppress the polyQ aggregation, the formation of polyQ aggregation does not occur in 
the depletion of Hsp104 [30].  
Alzheimer's disease (AD) and Parkinson's disease (PD) are also misfolding disease. It has 
been ascribed as the cause of AD that intracerebral proteins form β-amyloid and insolubilized 
protein aggregates are accumulated. Although the full scope of PD has been not unclear, 
α-synuclein aggregation causes cell toxicity in PD. Moreover, parkin has ubiquitin ligase (E3) 
activity, and the reduction of its activity may cause the accumulation of denatured proteins [31]. 
Effective therapy of these neurodegenerative disorders by misfolded proteins are not found, 
therefore it is serious problem in the contemporary society. 
Thus, the mechanisms of the response to denatured proteins by molecular chaperone system 
have been studied well. However, these studies describe only the relationship of each 
chaperones. Therefore global mRNA expression analysis is required for more detailed analysis. 
On exposure to sub-lethal heat, intracellular aggregation is accumulated and Hsps are highly 
expressed to recover denatured proteins. Therefore, heat-shock experiment is most basic and 
simple system for the study of stress response to denatured proteins. At first, it was thought that 
the global mRNA expression analysis of mild heat-shocked cells can reveal the response to 
denatured proteins. However, mRNA expression profile of heat-shocked cells has already been 
established by Gasch et al [32]. 
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Consequently, I focused cytosolic Hsp70 genes SSA1 and SSA2, and carried out the analysis 
what the effect of the SSA1/2 deletion in the mechanism of response to denatured proteins. The 
SSA family contains 4 genes, SSA1, SSA2, SSA3 and SSA4 [33]. Not only the SSA1 and SSA2 
genes are constitutively expressed, they are also 96% identical at the nucleotide level [8]. 
Moreover, there is no change in the phenotype of deletion in either of the SSA1 and SSA2 genes 
compared with the wild-type. In addition, they do not show thermotolerance without pre-heat 
treatment at 37 ˚C [34]. However, the ssa1/2 double deletion mutant acquires thermotolerance 
even at 23 ˚C, and shows a slow growth rate [34]. SSA1 is involved in protein transport and the 
rescue of denatured proteins [35-38], and possesses ATPase activity [39]. SSA1 is 
multi-functional, and the ssa1/2 double deletion mutant shows drastic changes to acquire 
thermotolerance, which is similar to the mild heat-shocked wild-type. As Ssa1p and Ssa2p are 
cytosolic molecular chaperones, it is hypothesized that unfolded proteins appear by the double 
deletion of SSA1/2. 
However, genome-wide expression analysis of the ssa1/2 deletion mutant using cDNA 
microarray has not been carried out. I believe that gene expression profiling of the ssa1/2 
deletion mutant is necessary not only to describe the genomic response developed by yeast to 
the deletions, but also to reveal the mechanism of the response to denatured proteins. To support 
the cDNA microarray data, I also performed RT-PCR, and immunoblot analysis of several yeast 
proteins separated by two-dimensional gel electrophoresis (2-DGE). I demonstrate that the 
deletion of SSA1/2 genes induces up-regulation of the genes involved in both protein 
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degradation and synthesis, whereas mild heat shock induces unfolded protein response. 
Moreover, I also carried out the protein expression analysis in the ssa1/2 deletion mutant 
using 2-DGE as described in chapter 2, and identified the factor that imply protein synthesis is 
facilitated by the deletion of SSA1/2. Furthermore, in chapter 3, the applied research of 
denatured proteins revealed that the temperature depend chaperone function of Hsp104p 
(co-chaperone of Ssa1p) under the hydrostatic pressure conditions. 
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CHAPTER 1 
Transcriptome analysis of the ssa1/2 deletion mutant 
The stress response against denatured proteins in the deletion of SSA1/2 is 
different from heat-shock response  
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SUMMARY 
A yeast strain lacking the two genes SSA1 and SSA2, which encode cytosolic molecular 
chaperones, acquires thermotolerance as well as the mild heat-shocked wild-type yeast strain. I 
investigated the genomic response at the level of mRNA expression to the deletion of SSA1/2 in 
comparison with the mild heat-shocked wild-type using cDNA microarray. Yeast cDNA 
microarray analysis revealed that genes involved in the stress response, including molecular 
chaperones, were up-regulated in a similar manner in both the ssa1/2 deletion mutant and the 
mild heat–shocked wild-type. Genes involved in protein synthesis were up-regulated in the 
ssa1/2 deletion mutant，but were markedly suppressed in the mild heat-shocked wild-type. The 
genes involved in ubiquitin-proteasome protein degradation were also up-regulated in the ssa1/2 
deletion mutant, whereas the unfolded protein response (UPR) genes were highly expressed in 
the mild heat-shocked wild-type. RT-PCR confirmed that the genes regulating protein synthesis 
and cytosolic protein degradation were up-regulated in the ssa1/2 deletion mutant. At the 
translational level, more ubiquitinated proteins and proteasomes were detected in the ssa1/2 
deletion mutant, than in the wild-type, confirming that ubiquitin-proteasome protein degradation 
was up-regulated by the deletion of SSA1/2. These results suggest that the mechanism for rescue 
of denatured proteins in the ssa1/2 deletion mutant is different from that in the mild heat-shocked 
wild-type: Activated protein synthesis in the ssa1/2 deletion mutant supplies a deficiency of 
proteins by their degradation, whereas mild heat-shock induces UPR. 
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INTRODUCTION 
HSP70s function as molecular chaperones [8,9]. The ssa1/2 double deletion mutant acquires 
thermotolerance even at 23 ˚C, and shows a slow growth rate [34]. A suppressor, EXA3-1 which 
is an allele of HSF1 encoding a heat shock factor [40,41] recovers its growth rate. This 
phenomenon in the ssa1/2 deletion mutant is speculated to result from the overexpression of 
certain Hsps [42]. HSP104 and SSA4 are found to be highly expressed in the ssa1/2 deletion 
mutant [10,43].  
SSA1 is involved in protein transport and the rescue of denatured proteins [35-38], and 
possesses ATPase activity [39]. Sti1p activates ATPase activity of Ssa1p [44]. In addition, Hsp70 
is a co-chaperone with Hsp104 and Hsp40 in both S. cerevisiae and E.coli [21,45]. The 
relationship between these chaperones and human misfolding disease has been shown [29,30]. 
On the other hand, SSA2 is involved in protein transport into the vacuole [46,47]. Thus, SSA1 is 
multi-functional, and the ssa1/2 double deletion mutant shows drastic changes needed to acquire 
thermotolerance, which is similar to the mild heat-shocked wild-type. As Ssa1p and Ssa2p are 
cytosolic molecular chaperones, it is hypothesized that unfolded proteins appear by the double 
deletion of SSA1/2. 
However, genome-wide expression analysis of the ssa1/2 deletion mutant using cDNA 
microarray has not been carried out. I believe that gene expression profiling of the ssa1/2 
deletion mutant is necessary not only to describe the genomic response developed by yeast to the 
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deletions, but also to reveal the mechanism of the response to denatured proteins. To support the 
cDNA microarray data, I also performed RT-PCR, and immunoblot analysis of several yeast 
proteins separated by two-dimensional gel electrophoresis (2-DGE). I demonstrate that the 
deletion of SSA1/2 genes induces up-regulation of the genes involved in both protein degradation 
and synthesis, whereas mild heat shock induces UPR. 
 
MATERIALS AND METHODS 
Strains and growth condition 
   S. cerevisiae JN14 is the ssa1/2 deletion mutant strain (MATa his3-11, 3-15 leu2-3, 2-112 
ura3-52 trp1-∆1 lys2? Ssa1-3::HIS3 ssa2-2::URA3) [40]. S. cerevisiae JN54 (MATa his3-11, 
3-15 leu2-3, 2-112 ura3-52 trp1-∆1 lys2?) is the parent strain (wild-type) of the ssa1/2 double 
mutant [40]. Yeast cells were incubated in 100 ml of YPD (1% yeast extract, 2% polypeptone 
and 2% glucose) medium at 30 ˚C to a logarithmic phase (OD660=1) using 500 ml Erlenmeyer 
flasks, and collected by centrifugation (2,800 × g). Cells were washed with distilled water 
three times, and stocked in a –80 ˚C deep freezer until used for total RNA extraction. 
Heat-shock treatment 
S. cerevisiae JN54 (wild-type) cells were incubated in YPD medium at 30 ˚C to a logarithmic 
phase (OD660=1), followed by treatment with mild heat-shock at 43 ˚C for 30 or 60 min in 
pre-warmed (43 ˚C) 100 ml of YPD medium using 500 ml Erlenmeyer flasks. Heat-shocked cells 
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were collected by centrifugation. Cells were washed with distilled water three times, and stocked 
in a –80 ˚C deep freezer until used for total RNA extraction. 
 
RNA extraction and hybridization to a cDNA microarray 
  Total RNA was extracted by the hot-phenol method [48]. The extraction of mRNA and 
reverse-transcription to cDNA was done according to Momose and Iwahashi [49]. Poly (A) 
+RNA was purified from total RNA with an Oligotex-dT30 mRNA purification kit (TaKaRa, 
Otsu, Shiga, Japan). Fluorescence-labeled cDNA was synthesized with a Cyscribe cDNA 
Labeling Kit (Amersham Biosciences, Little Chalfont, Buckinghamshire, UK) and 0.5 mM 
Cy3-UTP (Amersham Biosciences) or 0.5 mM Cy5-UTP. Cy3-UTP was used for the wild-type 
(as control), and Cy5-UTP was used for the ssa1/2 deletion mutant (as sample). For the 
heat-shock experiment, Cy3-UTP was used for control cells (30 ˚C), and Cy5-UTP was used for 
mild heat-shocked cells (43 ˚C). Synthesized cDNA were hybridized to a Kuhara DNA chip 
(DNA Chip Research, Yokohama, Kanagawa, Japan) at 65 ˚C for 48 h. 
 
cDNA microarray analysis 
  Hybridized cDNA microarray were washed, dried, and scanned using Scanarray 4000 (GSI 
Lumonics, Billerica, MA, USA). Quantification of gene expression was done using the Genepix 
ver. 4.0 quantitative microarray analysis application program (Axon Instruments, Union City, CA, 
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USA). The ratio of intensity Cy5/Cy3 was calculated and normalized with negative control spots. 
All the calculations and normalizations were done using “Chip Cleanser” program [50]. The 
functional categorization of genes was performed using GeneSpring (Silicon Genetics, Redwood 
City, CA, USA), and Comprehensive Yeast Genome Database (CYGD) at the Munich 
International Center of Protein Sequence (MIPS) database [51]. The over 2- fold expressed genes 
by the deletion of SSA1/2 or the mild heat-shocked treatment in the wild-type were selected as 
up-regulated genes and determined by at least twice- induced, out of three individual 
experiments. Similarly, the over 2- fold suppressed genes by the deletion of SSA1/2 or the mild 
heat-shocked treatment in the wild-type were selected as down-regulated genes, and determined 
by twice suppressed, out of three individual experiments [49,50]. The values for up- or 
down-regulated genes were the average ratio from three independent experiments. The data 
obtained in this experiment are available with the accession numbers GSE3315 (ssa1/2 deletion 
mutant) and GSE3316 (mild heat-shocked wild-type) in the Gene Expression Omnibus Database 
(GEO) [52]. 
 
RT-PCR analysis 
Total RNA extraction was carried out as described above. RT-PCR was performed using the 
One Step RNA PCR Kit (AMV) (TaKaRa), according to the instructions provided by the 
manufacturer. The primers used for RT-PCR are described in Table 1, and 0.1 µg of total RNA 
                 1. Transcriptome analysis of the ssa1/2 deletion mutant 
 13
were used for RT-PCR. After reverse transcription, samples were subjected to a cycling regime 
of 20-25 cycles (details are mentioned in Table 1).  Five µl of RT-PCR products were loaded 
into the wells of a 4% Nu-Sieve 3:1 Plus agarose (Cambrex Bio Science Rockland, Inc. 
Rockland, ME, USA) gel, and electrophoresis was carried out for 50 min at 100 V. The gels were 
stained using 10 µg/ml ethidium bromide followed by visualization of the stained bands with an 
UV-transilluminator (ATTO, Tokyo, Japan). 
 
Antibodies 
  Anti-Pre1p peptide (Res. No., 17-38) and anti-Rpn4p peptide (Res. No., 499-509) rabbit 
polyclonal antibodies were ordered to Sigma Genosys (Tokyo, Japan). The anti-multi ubiquitin 
mouse monoclonal antibody (FK2, Cat. No. SPA-205) was purchased from Stressgen 
Bioreagents Ltd. Partnership (Victoria, B.C., Canada) [53,54]. 
 
Two-dimensional gel electrophoresis (2-DGE) and Immunoblot analysis 
Yeast cells were washed with distilled water three times. Total protein was extracted from cells 
homogenized with lysis buffer [(7 M urea (ICN Biomedicals, Aurora, OH, USA), 2 M thiourea 
(Sigma, St. Louis, MO, USA), 4% CHAPS (Sigma), 1% carrier ampholyte (pH 3.5-10, 
Amersham Biosciences), 18 mM Tris-HCl, pH 7.5, 14 mM Trizma base (Sigma), EDTA-free 
Proteinase Inhibitor (Roche Diagnostics, Manheim, Germany), 0.2 % Triton X-100, reduced 
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(Sigma), 14.4 mM DTT (Sigma)]. Resuspended cells were broken with glass beads at 4 ˚C for 10 
min, and centrifuged at 20,000 × g for 10 min. Cell lysate was centrifuged again at 20,000 × 
g for 7 min. Equal amounts (350 µg) of protein were subjected to 2-DGE, following O’Farrell’s 
method [55]. Electrophoresis [IEF, carried out in a glass capillary tube of 13 cm length and 3 mm 
diameter (Nihon Eido, Tokyo, Japan) and SDS-PAGE (12.5% or 15% polyacrylamide gel, 5% 
stacking and 12.5% or 15% separation gel; using standard glass gels plates obtained from Nihon 
Eido) in the second dimension] was carried out at a constant current of 35 mA for 2-1/2 h or until 
the dye (250 µL BPB; 0.1% (w/v) in 10% (v/v) glycerol in MQ) reached the bottom of the gel 
[56]. Ten µL of the commercially available “ready-to-use” molecular mass standards (Precision 
Plus Protein Standards, Dual Color, Bio-Rad, Hercules, CA, USA) were loaded next to the acidic 
end of the IEF tube gel. Reproducibility of 2-DGE protein profiles was confirmed by running at 
least 3 independent protein samples extracted from the cells of wild-type and the ssa1/2 deletion 
mutant. Electrotransfer of proteins on gel to a PVDF (NT-31, Nihon Eido) membrane was carried 
out at 1 mA/cm2 with a semi-dry blotter (Nihon Eido) as described previously [57], followed by 
immunostaining using antibodies (described above). The anti-Pre1p and anti-Rpn4p rabbit 
polyclonal antibodies were diluted to 1:50,000, and anti-multi ubiquitin mouse monoclonal 
antibody (FK2) was diluted to 1:60,000. The ECL plus Western Blotting Detection System 
protocol for blocking, primary and secondary antibody (anti-Rabbit IgG, Horseradish peroxidase 
linked whole antibody; from donkey) incubation was followed exactly as described (Amersham 
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Biosciences). Immunoassayed proteins were visualized on an X-ray film (X-OMAT AR, Kodak, 
Tokyo, Japan) using an enhanced chemiluminescence protocol according to the manufacturer’s 
directions (Amersham Biosciences). 
 
RESULTS 
Comparison of the mRNA expression profiles between the ssa1/2 deletion mutant and the mild 
heat-shocked wild-type 
To investigate the mechanism of the response to denatured proteins comprehensively, the 
mRNA expression profiling of the ssa1/2 deletion mutant was carried out using yeast cDNA 
microarray, in comparison with the mild heat-shocked wild-type. The number of up-regulated 
genes in the ssa1/2 deletion mutant was 144, while that in the mild heat-shocked wild-type by 
exposure for 30 and 60 min at 43 ˚C was 274 and 400, respectively. The functionally categorized 
up-regulated genes are shown in Figs. 1A and 2A. The most highly up-regulated genes were 
categorized into “Cell rescue, defense, and virulence (stress-inducible proteins)” in both ssa1/2 
and mild heat-shocked wild-type, of which the rates were 8% and 10%, respectively. On the 
other hand, the number of down-regulated genes in ssa1/2 was 94, while that in the mild 
heat-shocked wild-type by exposure for 30 and 60 min at 43 ˚C was 610 and 643, respectively. 
The functionally categorized down-regulated genes are shown in Figs. 1B and 2B. 
In the ssa1/2 deletion mutant, the percentages of up-regulated genes categorized in “Cell 
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rescue defense and virulence”, “Transport facilitation” and “Protein fate” was approximately 2-6 
times larger than those of the down-regulated genes (Fig. 3A), and the opposite results were 
found in “Cellular communication/signal transduction mechanism” category (Fig. 3B). In the 
mild heat-shocked wild-type, there were no categories in which the percentages of up-regulated 
genes were over 2-times larger than those of the down-regulated genes (Fig. 4A). However, the 
percentage of down-regulated genes in “Protein synthesis” was particularly larger (ca. 170-times) 
than that of the up-regulated genes (Fig. 4B). Thus, the number of up-regulated genes in “Protein 
synthesis” was remarkably smaller than that of the down-regulated genes in the heat-shocked 
wild type. Conversely, in the ssa1/2 deletion mutant, the number of up-regulated genes in 
“Protein synthesis” was larger than that of the down-regulated genes. Therefore, I focused on 
protein synthesis and correlated protein fate as well as "Cell rescue, defense and virulence" in the 
ssa1/2 deletion mutant. 
Figure 5 shows a detailed comparison of these categorized genes up-regulated in the ssa1/2 
deletion mutant and in the mild heat-shocked wild-type. Figure 5A shows the comparison of all 
the genes up-regulated in the ssa1/2 deletion mutant and the mild heat-shocked wild-type. In the 
categories of “Cell rescue, defense and virulence”, several Hsps, including molecular chaperones, 
were commonly up-regulated in the ssa1/2 deletion mutant and the mild heat-shocked wild-type 
(Fig. 5B). Although genes related to protein synthesis were greatly suppressed in the mild 
heat-shocked wild-type, ribosomal protein genes were found to be up-regulated only in the 
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ssa1/2 deletion mutant (Fig. 5C). Table 2 shows the expression level of these genes: RPL37A, 
RPL25, MRP8, RPS15, MRPL10, RSM18, RPL8B and RSM10. 
On the other hand, in the category of “Protein fate”, the PRE1, RPN4, RPN12 and SCL1 genes 
that encode for cytosolic proteasome subunits, were found to be up-regulated in ssa1/2 deletion 
mutant (Fig. 5D). In addition, the UBC4 (ubiquitin conjugating enzyme) gene was also 
up-regulated. Table 3 shows the expression level of the genes involved in protein degradation. 
These results suggest that the ubiquitin-proteasome protein degradation pathway is activated in 
the ssa1/2 deletion mutant. Although a few ubiquitin-proteasome genes (UBI4, UBC5 and 
UBP9) were up-regulated in the mild heat-shocked wild-type, they were not in common with 
those up-regulated in the ssa1/2 deletion mutant (Fig. 5D). The proteasome genes up-regulated in 
the mild heat-shocked wild-type included vacuolar protein genes (AUT7, LAD4 and APG17), and 
unfolded protein response (UPR) genes (DER1, PDI1 and ERO1) (Fig. 5D). 
 
Confirmatory RT-PCR for proteolytic degradation- and ribosomal biogenesis-related genes 
To verify that both protein synthesis and degradation are activated in the ssa1/2 deletion 
mutant, RT-PCR analysis of several proteolytic degradation genes and cytosolic ribosomal 
protein genes was carried out. Proteasome subunit genes (PRE1, RPN4, RPN12, and SCL1), an 
ubiquitin conjugating enzyme gene (UBC4), and cytosolic ribosomal protein genes were found to 
be up-regulated in the ssa1/2 deletion mutant compared with the wild-type (Fig. 6A and Fig. 6B). 
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This result supports the cDNA microarray data showing that both ubiquitin-proteasome protein 
degradation and protein synthesis were activated by deletion of the SSA1/2 genes. Only KAR2 
was highly expressed among the UPR genes (Fig. 6A). 
 
Immunoblot analysis of proteolytic degradation-related gene products 
To confirm that ubiquitin-proteasome protein degradation is activated at the translational level 
in the ssa1/2 deletion mutant, immunoblot analysis was performed. Pre1p (20 S proteasome 
subunit) and Rpn4p (Ubiquitin-mediated 26 S proteasome subunit) increased in the ssa1/2 
deletion mutant compared with the wild-type (Fig. 7). An anti-multi ubiquitin mouse monoclonal 
antibody (FK2) [53,54] detects only ubiquitin that is covalently bound to substrate proteins, i.e. 
ubiquitinated proteins, and not free ubiquitin [53,54]. Ubiquitinated proteins especially with 
molecular weights less than 30 kDa increased in the ssa1/2 deletion mutant in comparison with 
the wild-type (Fig. 8).  
 
DISCUSSION 
In this chapter, I reveal global differences in gene expression between yeast cells lacking two 
cytosolic HSP70s, SSA1 and SSA2, and the mild-heat-shocked wild-type using cDNA microarray 
technologoly. 
Results from cDNA microarray analysis reveal that the stress-inducible protein genes, 
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including molecular chaperones, were up-regulated in the ssa1/2 deletion mutant in a similar 
fashion as seen in the mild heat-shocked wild-type (Figs. 1A, 2A, and 5B). It is clear that 
thermotolerance is due to expression of these stress-inducible proteins. In the ssa1/2 deletion 
mutant, HSF1 suppressing growth rate of the ssa1/2 [40,41] was expressed normally and its 
expression level was unchanged (data not shown). Several genes involved in the 
ubiquitin-proteasome protein degradation pathway were up-regulated in the ssa1/2 deletion 
mutant (Fig. 5D and Table 3). UBC4 [58,59] was also up-regulated in the ssa1/2 deletion mutant, 
which is consistent with a previous report [60]. UBC4/5 is necessary for binding between the 
substrates and Lys48 of ubiquitin that is a target of the 26 S proteasome [59], and for binding 
between the substrates and Lys63 of ubiquitin, that is not a target of the 26 S proteasome. In 
addition to UBC4, I found up-regulation of several proteasome genes (PRE1, RPN4, RPN12 and 
SCL1) in the ssa1/2 deletion mutant. PRE1 and SCL1 encode 20 S proteasome, and RPN4 and 
RPN12 encode 26 S proteasome [61]. RPN4 (SON1) is a factor involved in ERAD (endoplasmic 
reticulum associated degradation) [62]. All these genes are essential for degradation of the 
ubiquitinated proteins [61,63]. RT-PCR data support the up-regulation of these proteasome genes 
by the deletion of SSA1/2 (Fig. 6A). Moreover, I confirmed that Pre1p and Rpn4p were 
up-regulated in the ssa1/2 deletion mutant at the translational level by immunoblotting (Fig. 7). 
This result provided further evidence that proteolytic degradation by proteasomes was stimulated 
by the deletion of SSA1/2. As shown in Fig. 8, more ubiquitinated proteins, especially with 
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molecular weights less than 30 kDa, were detected in the ssa1/2 deletion mutant than in the 
wild-type. The deletion of UBP3 in ssa1/2 has been reported to lead to a significant increase in 
the number of the ubiquitinated proteins, mainly with molecular weights of more than 30 kDa 
[60]. The expression level of UBP3 did not change in the ssa1/2 deletion mutant compared with 
the wild-type (data not shown). Therefore, the increase of ubiquitinated proteins in ssa1/2 is not 
caused by the deletion of UBP3. There are two possibilities for the increase of ubiquitinated 
proteins in the ssa1/2 deletion mutant. First, insufficiency of the UPR in the ssa1/2 deletion 
mutant may lead to activation of the ubiquitin-proteasome protein degradation system. Thus, 
ubiquitination of the target proteins increases and the expression of proteasome genes is induced. 
Second, some defect of deubiquitination occurs in the ssa1/2 deletion mutant, consequently 
leading to the accumulation of ubiquitinated proteins in the cell followed by cell death. 
Furthermore, proteolytic degradation by proteasomes is facilitated. On the other hand, I found 
that several genes encoding ribosomal proteins were up-regulated in the ssa1/2 deletion mutant 
(Figs. 5C, 6A, and Table 2), implying that protein synthesis is activated by the deletion of 
SSA1/2.  
In case of the mild heat-shocked wild-type, genes involved in protein synthesis were 
significantly suppressed (Figs. 2B and 4B), and the proteasome genes up-regulated in the ssa1/2 
deletion mutant did not show any change in their expression levels (Fig. 5D). Instead, some UPR 
genes (PDI1, DER1, ERO1 and KAR2) were up-regulated (Fig. 5D), implying that UPR occurs 
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during mild heat-shock. The mechanism of UPR is known to induce the up-regulation of ER 
chaperones for refolding when unfolded proteins accumulate in the ER [64]. In the ssa1/2 
deletion mutant, the expression of three UPR genes (PDI1, DER1 and ERO1) remained 
unchanged (data not shown), and only KAR2 was up-regulated (Fig. 3). 
Gasch et al. has reported the genome-wide expression analysis of yeast cells exposed to 
environmental changes [32]. I compared our data on the mild heat shocked wild-type yeast cells 
with their data on the wild-type cells shifted to 37 ˚C from 25 ˚C. The stress-inducible protein 
genes up-regulated in the mild-heat shocked wild type (SSA3, SSA4, SSE2, CTT1, HSP26, 
HSP78, and HSP104) (Fig. 5B) are in common with the results obtained by Gasch et al. [32]. In 
the category of "Protein fate", more than 70% of the up-regulated genes in our experiments are 
also in common with their results [32], even though there is a time lag with their experiments. 
However, DER1, one of the UPR genes, was not found to be up-regulated in their study during 
the entire the heat-shock treatment period [32]. In contrast, DER1 was up-regulated in our 
experiments (Fig.5D). This may be due to the difference in the temperature and time of 
heat-shock treatment. On the other hand, in the category of "Protein synthesis", ribosomal 
protein genes are significantly suppressed in their experiments [32], which is consistent with our 
data. From these comparisons, it can be said that our data on the mild heat-shocked wild-type is 
similar to that reported by Gasch et al. [32] in the categories of “Cell rescue, defense, and 
virulence", "Protein fate" and "Protein synthesis". 
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It is reasonable that UPR is activated and protein synthesis is suppressed in the mild 
heat-shocked wild-type. I speculate on the reasons as to why the genes involved in both protein 
degradation and protein synthesis are up-regulated in ssa1/2 deletion mutant. In the normal state, 
proteins are synthesized on the ribosome, followed by post-translational modifications in the ER 
or the Golgi apparatus to finally become mature and functional entitles. Schubert et al [65] 
showed that 30% of the de novo synthesized proteins are degraded before coming to maturity. 
Therefore, it can be reasoned that post-translational protein denaturation occurs moderately even 
under normal conditions. However, organisms have developed several mechanisms in their 
response to the denatured proteins. UPR is one of the ER quality control mechanisms [64]. In 
addition, the refolding of denatured proteins is carried out by cytosolic chaperones [20,21,66], 
including SSA1/2 [36,37]. It can be hypothesized that the deletion of SSA1/2 leads to the 
suppression of refolding, which is then followed by an accumulation of the denatured proteins in 
cells. The genes involved in proteolytic degradation may be up-regulated to remove such 
denatured proteins. However, if the ubiquitin-proteasome system keeps on degrading proteins, 
the depletion of the proteins essential for growth and development will occur. It is suggested that 
protein synthesis is activated to supply the proteins deleted by proteolytic degradation in the 
ssa1/2 deletion mutant. In the ssa1/2 deletion mutant, several hexose transporter genes (HXT2, 
HXT4, HXT6, HXT7), and the genes that belong to early part of glycolysis (GLK1, HXK1) were 
up-regulated (data not shown). The expression of these genes, involved in energy generation, 
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may be required for sustaining the increased protein synthesis in the ssa1/2 deletion mutant. HXT 
genes up-regulated in the ssa1/2 deletion mutant are low-glucose dependent [67-69]. It is 
possible that the uptake of glucose is activated to generate energy, because energy is consumed 
by protein synthesis that is induced by the deletion of SSA1/2.  
These results indicate that different mechanisms of the response to denatured proteins are 
employed between the ssa1/2 deletion mutant and the mild heat-shocked wild-type even though 
several up-regulated Hsps (molecular chaperones) are common between the ssa1/2 deletion 
mutant and the mild heat-shocked wild-type (Fig. 5B). When Hsp104p, Ydj1p (yeast Hsp40p), 
and Ssa1p exist together, their chaperone activities increase significantly [21]. From this, it is 
suggested that the deletion of SSA1/2 induces the suppression of their chaperone activities. 
Recently, the cooperation of Hsp26p wih Hsp104p/Hsp70p/Hsp40p chaperone system on protein 
disaggregation in yeast was reported [22,23]. Hsp26p co-aggregated with substrate is suggested 
to be a target of the Hsp104p/Hsp70p/Hsp40p chaperone system [22,23]. Although Ssa1p is able 
to disaggregate the early Hsp26p-substrate complex (small soluble aggregates), Hsp104p is 
essential in refolding the late Hsp26p-substrate complex (big insoluble aggregates) [22,23]. 
Moreover, excess or stoichiometric Hsp26p against denatured substrates is essential for effective 
refolding [22]. In the ssa1/2 deletion mutant, an increase in the mRNA expression levels of 
HSP104 and HSP26 was seen (Fig. 5B). Although the refolding of denatured proteins is sure to 
succeed if HSP104/Hsp104p and HSP26/Hsp26p are highly expressed, it is a fact that the 
                 1. Transcriptome analysis of the ssa1/2 deletion mutant 
 24
ubiquitin-proteasome degradation system is facilitated in the ssa1/2 deletion mutant. It can be 
speculated that as constitutive protein denaturation occurs, the ubiquitin-proteasome degradation 
system is required in addition to the chaperone refolding system in the ssa1/2 deletion mutant. 
Furthermore, there is a possibility that protein refolding by molecular chaperones and 
ubiquitin-proteasome protein degradation are related. In mammalian cells, the following model 
has been reported; denatured proteins are refolded by Hsp70-HSP40 chaperone-mediated 
maturation pathway under the treatment of Hsp90 inhibitor, and then denatured proteins are 
degraded by ubiquitin-proteasome [70]. It is interesting to note that the ubiquitin-proteasome 
protein degradation system in yeast is induced when the chaperone function is inhibited by the 
deletion of SSA1/2. However, at present, our data are not sufficient to propose a similar model in 
yeast, and this remains a topic for future study. 
 
CONCLUSION 
The protein synthesis and ubiquitin-proteasome degradation system were up-regulated in 
the ssa1/2 deletion mutant, whereas UPR genes were up-regulated but protein synthesis was 
strongly suppressed in the mild heat-shocked wild-type. These results suggest that the 
mechanism for rescue of denatured proteins in the ssa1/2 deletion mutant differs from that in the 
mild heat-shocked wild-type, although the phenomena on acquisition of thermotolerance are 
similar.  
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Table 1: List of primers for RT-PCR 
Gene name Forward primer (5’-3’) Reverse primer (5’-3’) 
Product 
size 
(bp) 
No. of 
cycles
PRE1 TGACTTCCAGGCACAGTGAA TCTCACTCTGCCAACAAAAA 187 25 
RPN4 CGAAGCATGAAGATTTGTCG AAGAACATTCCTGAATGCAGAT 202 25 
RPN12 CCAATCAAAGGAGAAAGCTGA CTCCGGGAGAGAAAAAGTTG 178 22 
SCL1 AGTCGGTGTCGCTACAAAGG CGACAAAAGGGCTTGAAAAG 229 20 
UBC4 CAGCCAGAGAATGGACAAAGA AGGTTCCCCTGTACTGTTGC 220 20 
KAR2 GTTCTGGTGCCGCTGATTAT CGAAAATTGTATGAAGCTCGAA 205 20 
RPS15 AGAGCCGGTGCTACTACTTCC CGTGTACAACCCCCATTCAC 200 22 
RPL25 CGTTACCAAGAAGGCTTACG CGTGCACTCTGCCACTACAC 203 22 
RPL37A CAAACCGGCTCTGCTTCTAA TTCCCGTAAGCACTCAAAGG 194 25 
ACT1 CCTTCCAACAAATGTGGATCT CAGTGCTTAAACACGTCTTTTCC 200 25 
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Table 2: The genes involved in ribosomal proteins up-regulated in the ssa1/2 deletion mutant.
Gene name 
Expression 
level* 
Description 
RPL37A 3.2 60S ribosomal protein L37A (YL35) 
RPL25 2.8 Ribosomal protein L25 (rpl6L) 
MRP8 2.4 Mitochondrial ribosomal protein 
RPS15 2.2 40S ribosomal protein S15 (S21) (rp52) (RIG protein) 
MRPL10 2.0 Mitochondrial ribosomal protein MRPL10 (YmL10) 
RSM18 1.9 Protein of the small subunit of the mitochondrial ribosome 
RPL8B 1.8 Ribosomal protein L8B (L4B) (YL5) 
RSM10 1.7 Protein of the small subunit of the mitochondrial ribosome 
 
*The expression levels are the average value of three independent experiments. 
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Table 3: The genes involved in proteolytic degradation up-regulated in the ssa1/2 deletion 
mutant. 
Gene name 
Expression 
level* 
Description 
CDC23 3.7 Cell division cycle protein 
PRE1 3.0 22.6 kDa proteasome subunit (20S proteasome subunit C11 (beta4)) 
UBC4 2.8 Ubiquitin-conjugating enzyme 
RPN4 2.6 Ubiquitin-mediated 26S proteasome subunit 
MET30 2.5 Met30p contains 5 copies of WD40 motif and interacts with and 
regulates Met4p 
SCL1 2.4 20S proteasome subunit YC7alpha/Y8 (protease yscE subunit 7) 
PBI2 2.3 Proteinase inhibitor that inhibits protease Prb1p (yscB) 
RPN12 2.0 26S proteasome regulatory subunit 
 
*The expression levels are the average value of three independent experiments 
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Figure1: The overview of expressed genes in the ssa1/2 deletion mutant. S. cerevisiae JN14 
(ssa1/2) and JN54 (wild-type) cells were incubated at 30 ˚C to a logarithmic phase (OD660=1). 
The up-regulated genes (over 2- fold expressed) and down-regulated genes (over 2-fold 
suppressed) in the ssa1/2 deletion mutant were determined by twice induction of three individual 
experiments. These genes were functionally categorized using Comprehensive Yeast Genome 
Database (CYGD) in Munich International Center of Protein Sequence (MIPS) [51]. A, 
up-regulated genes; B, down-regulated genes. 
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Figure 2: The overview of expressed genes in the mild heat-shocked wild-type. S. cerevisiae 
JN54 (wild-type) cells were incubated at 30˚C to a logarithmic phase (OD660=1), and were then 
treated with mild heat-shock at 43 ˚C for 30 or 60 min. The up-regulated genes (over 2- fold 
expressed) and down-regulated genes (over 2-fold suppressed) in mild heat-shocked wild-type 
were determined by twice induction of three individual experiments. These genes were 
functionally categorized as in Figure 1. A, up-regulated genes. B, down-regulated genes. 
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Figure 3: The comparison between up-regulated genes and down-regulated genes in the 
ssa1/2 deletion mutant. Functional categories were the same as in Figure 1. The ratios of 
up/down-regulated genes or down/up-regulated genes were calculated using the percentages of 
each category in Fig. 1. A, up/down-regulated genes; B, down/up-regulated genes. 
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Figure 4: The comparison between up-regulated genes and down-regulated genes in the 
mild heat-shocked wild-type. Functional categories are as given in Figure 1. The ratios of 
up/down-regulated genes or down/up-regulated genes were calculated using the percentages of 
each category in Fig. 2. A, up/down-regulated genes; B, down/up-regulated genes. 
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Figure 5: The comparison of up-regulated genes in the ssa1/2 deletion mutant with those in 
mild heat-shocked wild-type. Venn Diagrams were constructed by the “GeneSpring” software 
(Silicon Genetics). Functional subcategories are according to Figure 1. 
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Figure 6: RT-PCR analysis of ribosomal protein and proteolytic degradation genes in the 
ssa1/2 deletion mutant and wild-type. RT-PCR was carried out as described in “Materials and 
Methods”, and primers, product size and numbers of PCR cycle are described on Table 1. The 
RT-PCR products were run on a 4% Nu-Sieve 3:1 Plus agarose gel. A, genes for proteolytic 
degradation. B, ribosomal protein genes.  
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Figure 7: Immunoblot analysis of proteasome subunit genes in the ssa1/2 deletion mutant 
and wild-type. 2-DGE was performed as described in “Material and Methods”, followed by 
immunoblot analysis. A, Pre1p (20 S proteasome subunit). B, Rpn4p (Ubiquitin-mediated 26 S 
proteasome subunit). 
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Figure 8: Ubiquitinated proteins in the ssa1/2 deletion mutant and wild-type. 2-DGE was 
performed followed by immunoblot using an anti-multi ubiquitin mouse monoclonal antibody 
(FK2).  
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CHAPTER 2 
  Proteome analysis of the ssa1/2 deletion mutant 
                      Search for novel protein components responsible in yeast 
due to the deletion of two cytosolic Hsp70 genes, SSA1 and SSA2  
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SUMMARY 
The heat shock proteins (Hsp) 70 are ubiquitous family of molecular chaperones involved in 
many cellular processes. Deletion of two functionally redundant cytosolic Hsp70s (SSA1 and 
SSA2) in a yeast strain, ssa1/2, shows thermotolerance comparable to the mild heat-shocked 
wild-type yeast, and facilitation of protein synthesis and ubiquitin-proteasome protein 
degradation. Here, I conducted a gel-based proteomic study to identify the protein components 
responsible for stress response in the ssa1/2 mutant. A comparative analysis of two-dimensional 
(2-D) gel proteomes of the wild-type and ssa1/2 deletion mutant revealed 43 differentially 
expressed spots. After in-gel digestion with trypsin, 22 nonredundant proteins were identified 
using nano electrospray ionization liquid chromatography tandem mass spectrometry 
(nESI-LC-MS/MS), whereas 11 nonredundant proteins were also confirmed by N-terminal 
amino acid sequencing. Proteins mainly up-regulated in the ssa1/2 deletion mutant were 
stress-inducible proteins including molecular chaperones, anti-oxidants, and proteins related to 
carbohydrate metabolism. Among the identified proteins, it was found that a translational factor 
Hyp2p was up-regulated and highly phosphorylated in the ssa1/2 mutant. These results indicate 
that cytosolic Hsp70s, Ssa1p and Ssa2p, regulate an abundance of proteins mainly involved in 
stress responses and protein synthesis. 
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INTRODUCTION 
In chapter 1, I carried out global mRNA expression analysis of the ssa1/2 deletion mutant 
using cDNA microarray [71]. This reveals a variety of changes in the global gene expressions 
suggesting drastic changes in the ssa1/2 deletion mutant: a) genes involved in the stress response, 
including molecular chaperones, are up-regulated in a similar manner in both the ssa1/2 deletion 
mutant and the mild heat–shocked wild-type, b) genes involved in protein synthesis are 
up-regulated in the ssa1/2 mutant, but markedly suppressed in the mild heat-shocked wild-type, 
and c) genes involved in ubiquitin-proteasome protein degradation are also up-regulated in the 
ssa1/2 deletion mutant, whereas the unfolded protein response (UPR) genes are highly expressed 
in the mild heat-shocked wild-type[71].  
To identify the protein components whose expression is altered due to deletion of the SSA1/2 
genes in the ssa1/2 deletion mutant, I employed two-dimensional gel electrophoresis (2-DGE), 
the still most commonly used technology to monitor changes in the expression of complex 
protein mixtures [72,73], and nano electrospray ionization liquid chromatography tandem mass 
spectrometry (nESI-LC-MS/MS) along with N-terminal amino acid sequencing for protein 
identification. As the results, 22 unique proteins including many stress response proteins were 
identified. Among these, I found a translation factor, Hyp2p, to be induced and highly 
phosphorylated in the ssa1/2 deletion mutant, suggesting up-regulation of the protein synthesis. 
These data show that a gel-based proteomic analysis is also useful to understand the stress 
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response mechanism in the ssa1/2 deletion mutant. 
 
MATERIALS AND METHODS 
Yeast strains and growth conditions 
S. cerevisiae JN14 is the ssa1/2 deletion mutant strain (MATa his3-11, 3-15 leu2-3, 2-112 
ura3-52 trp1-∆1 lys2? Ssa1-3::HIS3 ssa2-2::URA3) [40]. S. cerevisiae JN54 (MATa his3-11, 
3-15 leu2-3, 2-112 ura3-52 trp1-∆1 lys2?) is the parent strain (wild-type) of the ssa1/2 deletion 
mutant [40]. For protein extraction, the yeast cells were incubated in 100 ml of YPD (1% yeast 
extract, 2% polypeptone and 2% glucose) medium at 30ºC to a logarithmic phase (OD660=1) 
using a 500 ml Erlenmeyer flask, and collected by centrifugation. Cells were washed twice with 
distilled water, and stocked in a –80ºC deep freezer until used for protein extraction. For total 
RNA extraction, the yeast cells were cultured as above, collected by centrifugation, washed with 
DEPC-treated distilled water, and stocked in a –80ºC deep freezer until used for extraction of 
total RNA. 
 
Preparation of yeast protein extract 
Yeast cells were washed thrice with distilled water, followed by extraction of total protein 
from cells in lysis buffer, called LB-TT, [(7 M urea (ICN Biomedicals, Aurora, OH, USA), 2 M 
thiourea (Sigma, St. Louis, MO, USA), 4% CHAPS (Sigma), 1% carrier ampholyte (pH 3.5-10, 
Amersham Biosciences), 18 mM Tris-HCl, pH 7.5, 14 mM Trizma base (Sigma), EDTA-free 
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Proteinase Inhibitor (Roche Diagnostics, Manheim, Germany), 0.2 % Triton X-100, reduced 
(Sigma), 14.4 mM DTT (Sigma)] in an eppendorf tube containing glass beads at 4ºC for 10 min 
by vortexing. Following two rounds of centrifugation, the final supernatant was used as the total 
protein extract. Protein concentration was estimated by a method of Bradford using bovine 
serum albumin as standard [74]. The one-step rapid extraction protocol for total crude protein 
from yeast cells is schematically presented in Fig. 1. 
 
Two-dimensional gel electrophoresis 
2-DGE [isoelectric focusing (IEF) in the first-dimension, and SDS-PAGE in the second 
dimension] was performed using the Nihon Eido 2-DGE system (Nihon Eido, Tokyo, Japan), as 
described previously [57,73,75]. Equal amounts (350 µg) of total protein extract were loaded 
onto the basic end for each wild-type and the ssa1/2 deletion mutant. Reproducibility of 2-DGE 
protein profiles was confirmed by running at least three to five independent protein samples 
extracted from the independent cell cultures of wild-type and the ssa1/2 deletion mutant. Protein 
visualization was carried out by staining the separated proteins on gel with CBB or colloidal 
CBB stains; detection limits for these stains are in the range of 10-100 ng [76]; both dyes provide 
a linear response with protein amount over a 10- to 30-fold range of concentration. The 
phosphoproteins on 2-DGE gels were detected by Pro-Q Diamond phosphoprotein gel stain 
(Pro-Q DPS, Molecular Probes, Inc. Eugene, OR, USA) staining [77]. Pro-Q DPS selectively 
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detects phosphoserine-, phosphothreonine-, and phosphotyrosine-containing proteins directly in 
one- and two-dimensional (1- and 2-D) gels, and on membranes, such as polyvinyldifluoride 
(PVDF) and nitrocellulose. It is capable of detecting phosphoproteins at levels as low as 1 ng on 
a single electrophoresis gel [77]. SYPRO ruby staining was also carried out for the reference of 
Pro-Q Diamond staining according to manufacture's direction (Molecular Probes). 
 
Image and data analysis 
Image and data analysis of the scanned (300 dpi, Grayscale) gels as TIFF files was 
performed using the Image Master 2D Platinum imaging software ver. 5.0 (GE Healthcare 
Amersham Biosciences, Tokyo, Japan). Protein spots in the CBB-stained gels were selected for 
profile analysis only if they were confirmed in at least two independent sample sets. For 
comparing the proteome patterns of the ssa1/2 deletion mutant and wild-type, gels were 
compared to one another, and the changed protein spots were marked. Digitized 2-D gel images 
were analyzed using ImageMaster 2-D Platinum software as described previously [56,78]. 
Briefly, a two-step data normalization method was used to obtain an integrated dataset for the 
entire experiment. At first, protein abundance was expressed as relative volume according to the 
normalization method provided by ImageMaster software that compensates for gel-to-gel 
variation in sample loading, gel staining and destaining. Secondly, relative spot volumes were 
adjusted using correction constants as described previously [56], to allow direct data comparison 
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between the two gel datasets. Finally the data obtained was manually rechecked for any 
discrepancies, especially in spots volumes. 
 
Edman sequencing 
Electrotransfer of proteins on gel to a PVDF membrane (NT-31, 0.45 µM pore size; Nihon 
Eido) was carried out at 1mA/cm2 for 80 minutes at room temperature using a semi-dry blotter 
(Nihon Eido) exactly as described before [57,73]. The transfer efficiency is ca. 99% for almost 
all low molecular weight proteins below ca. molecular weights of 100 kDa; the transfer 
efficiency was also checked by staining the gels after transfer with CBB, which revealed no 
proteins spots left on gel except for a slightly stained standard marker protein of 250 kDa. 
N-terminal amino acid sequencing of proteins on the PVDF membranes was carried out on an 
Applied Biosystems 494 protein sequencer (Perkin Elmer; Applied Biosystems, Foster City, CA, 
USA) according to Agrawal et al [73]. Edman degradation was performed according to the 
manufacturer’s directions (Applied Biosystems). Proteins were identified by WU-BLAST2 in 
SGD (Saccharomyces Genome Database), followed by analysis using the SWISS-PROT and 
EST databases from NCBI (ftp://ftp.ncbi.nih.gov/blast/db/). 
 
Mass spectrometry 
Proteins were excised from the CBB-stained 2-D gels by a gel picker (One Touch Spot Picker, 
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P2D1.5 and 3.0, The Gel Company, San Francisco, CA, USA), and transferred to sterilized 
eppendorf tubes (1.5 ml). Gel pieces were incubated in 0.2 M NH4HCO3 (pH 7.8) for 20 min, 
shrunk by dehydration in acetonitrile, which was then removed, followed by washing with 
vortexing in the same volume of acetonitrile and 0.1 M NH4HCO3 (pH 7.8). The solution was 
removed, and the gel pieces were dehydrated with vortexing by addition of acetonitrile, and 
swelled by rehydration in 0.1 M NH4HCO3 (pH 7.8). The dehydration process was repeated 
twice, and the gel pieces were completely dried in a vacuum centrifuge. Gel pieces were swollen 
in a digestion buffer containing 10 µg/ml of trypsin (Promega, sequencing grade) in ice. The 
digestion buffer was removed after 45 min incubation and replaced with 20-30 µl of 50 mM 
NH4HCO3 (pH 7.8). The gel pieces were then incubated at 37ºC for 8-12 h. The supernatant was 
desalted through a C18 ZipTip (Millipore, Bedford, MA, USA) according to the manufacturer’s 
protocols, and a 2-8 µl (minimum 250 fg; dilution of each sample, 1, 5, and 8 µl was analysed) 
solution was injected for analysis with LC-MS/MS (Agilent, Palo Alto, CA, USA). The nLC was 
performed with an Agilent 1100 NanoLC-1100 system combined with a micro well-plate 
sampler and thermostatted column compartment for preconcentration (LC Packings, Agilent). 
Samples were loaded on the column (Zorbax 300SB-C18, 150 mm × 75 µm, 3.5 µm) using a 
preconcentration step in a microprecolumn cartridge (Zorbax 300SB-C18, 5 mm × 300 µm, 5 
µm). Four µl of the sample was loaded on the precolumn at a flow rate of 15 µl/min. After 5 min, 
the precolumn was connected with the separating column, and the gradient was started at 300 
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nl/min. The buffers used were 0.1% HCOOH in water (A) and 0.1% HCOOH in acetonitrile (B). 
A linear gradient from 2-70% B for 25 min was applied. A single run took 75 min, which 
included the regeneration step. A LC/MSD Trap XCT with a nano electrospary interface 
(Agilent) was used for MS. Ionization (2.0 kV ionization potential) was performed with a liquid 
junction and a noncoated capillary probe (New Objective, Cambridge, USA).  
For tandem mass spectrometry, peptide ions were analyzed by the data-dependent method 
using a full mass scan range mode m/z = 300– 2200 Da. After determination of the charge states 
of an ion on zoom scans, product ion spectra were acquired in MS/MS mode with relative 
collision energy of 50%. The individual spectra from MS and MS/MS data were submitted to the 
Agilent Spectrum Mill MS proteomics workbench (Agilent, Palo Alto, CA, USA) for protein 
identification. Proteins were identified by database search against the Updating Databases 
SWISS-PROT (ftp://www.expasy.ch/databases/sp_tr_nrdb/fasta/sprot.fas.gz) and NCBI 
(ftp://ftp.ncbi.nlm.nih.gov/blast/db/FASTA/nr.gz) using default parameters. Proteins were 
identified by WU-BLAST2 in SGD (Saccharomyces Genome Database). Modifications of 
methionine and cysteine, peptide mass tolerance at 2 Da, MS/MS precursor mass tolerance 2.5 
Da and product mass tolerance 0.7 Da, allowance of missed cleavage at 2, and charge states (+1, 
+2, and +3) were taken into account. Only significant hits as defined by the probability analysis 
were considered initially. 
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RT-PCR analysis 
Total RNA was extracted by the hot-phenol method [48]. Total RNA samples were 
DNase-treated with an RNase-free DNase (Stratagene, La Jolla, CA, USA) prior to RT-PCR. 
First-strand cDNA was synthesized in a 50 µl reaction mixture with a StartaScriptTM RT-PCR Kit 
(Stratagene) according to the protocol provided by the manufacturer, using 10 µg total RNA 
isolated from ssa1/2 deletion mutant and the control wild-type. The 50 µl reaction mixture (in 1 
× buffer recommended by the manufacturer of the polymerase) contained 2.0 µl of the 
first-strand cDNA from above, 200 mM dNTPs, 10 pmols of each primer set (HYP2, 
5'–ATCTCCGCTATGGGTGAAGA-3' as the forward sequence and 
5'–TTGTGTATGCTTTAGGAGAACGA-3' as the reverse sequence; and ACT1, 
5'-CCTTCCAACAAATGTGGATCT-3' as the forward sequence and 
5'-CAGTGCTTAAACACGTCTTTTCC-3' as the reverse sequence), and 0.5 U of taq 
polymerase (TaKaRa Ex Taq Hot Start Version, TaKaRa Shuzo Co. Ltd., Shiga, Japan). 
Thermal-cycling parameters were as follows: after an initial denaturation at 97ºC for 5 min, 
samples were subjected to a cycling regime of 25 cycles at 95ºC for 45 s, 55ºC for 45s, and 72ºC 
for 1 min. At the end of the final cycle, an additional extension step was carried out for 10 min at 
72ºC (TaKaRa PCR Thermal Cycle Dice, Model TP600, Tokyo, Japan). After completion of the 
PCR, the total reaction mixture was mixed with 2.0 µl of 10X loading buffer, vortexed, and 10 µl 
was loaded into wells of a 1.5% agarose (Agarose ME, Cat. No. 50013 R, Iwai Chemicals, 
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Tokyo, Japan) gel, and electrophoreses was performed for ca. 30 min at 100 V in 1X TAE buffer, 
using a Mupid-ex electrophoresis system (ADVANCE, Tokyo, Japan). The gels were stained (20 
µl of 50 mg/ml ethidium bromide in 100 ml 1X TAE buffer) for ca. 10 min, and the stained 
bands were visualized using an UV-transilluminator (ATTO, Tokyo, Japan).  
 
RESULTS AND DISCUSSION 
Proteome analysis of the ssa1/2 deletion mutant and wild-type 
To obtain 2-D protein profiles, 2-DGE was performed as described in "Materials and Methods", 
using equal amounts (ca. 350 µg) of the total protein extracted from wild-type and the ssa1/2 
deletion mutant cells. Multiple gels (from a minimum of three independent experiments) were 
run for each of the two cell types for comparing the changed protein spots between the wild-type 
and the ssa1/2 deletion mutant, which confirmed that the observed and documented changes 
under the present experimental conditions were reproducible. 3 independent gels per each strain 
were used for the spot calculation as described in "Materials and Methods". Analysis of the 
scanned gel images with the ImageMaster 2D Platinum software, revealed a total of ca. 385 and 
345 spots on the wild-type and ssa1/2 deletion mutant 2-D gels, respectively. For further analysis 
(MS), I selected the major changed spots on the 2-D gel of the ssa1/2 deletion mutant over the 
wild-type (Figs. 2 and 3). The selected 43 spots were excised from gels, and nESI-LC-MS/MS 
analysis of proteins on these spots was performed. A total of 22 unique proteins from 30 spots 
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were identified by nESI-LC-MS/MS (Table 1). The spot volume means of the identified proteins 
were calculated by ImageMaster software. All of identified proteins and comparison between 
protein and mRNA levels in the wild-type and ssa1/2 deletion mutant are shown in Table 3. The 
up-regulated proteins (over 2- fold expressed) and down-regulated proteins (over 2-fold 
suppressed) in the ssa1/2 deletion mutant were determined by twice induction of three individual 
experiments. Among these spots, red and blue circles or squares indicate increased and decreased 
protein spots, respectively (Fig. 3). The spots circled in black indicate no change (Fig. 3). Table 4 
lists the differentially expressed proteins in the ssa1/2 deletion mutant. Additionally, I excised a 
total of 20 spots from CBB stained PVDF membranes (5-6 individual membranes), and 
subjected proteins on these spots to N-terminal amino acid sequencing. The number of 
differentially expressed proteins in the ssa1/2 deletion mutant identified by Edman sequencing 
was twelve (Table 2). These results confirmed the identification of proteins not only by MS, but 
as well by their N-terminal amino acid sequences. As shown in Table 3, not all of protein 
expression ratio between the ssa1/2 deletion mutant and wild-type coincided with the results of 
mRNA expression analysis using cDNA microarray [71]. The relationship between mRNA and 
protein expressions has been previously shown [79-82]. The defect in correlation between 
mRNA and protein expression is most probably due to translational regulation and selective 
degradation [79].  
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The up- and down-regulated proteins in the ssa1/2 mutant 
Hyp2p that is a translation factor, eIF-5A [83-86] was identified from two protein spots D31 
and D32 (Figure 3 and Table 4), and found that D31 and D32 spots of Hyp2p were 0.7- (Table 3) 
and 1.9-fold (Table 4, the average ratios and max is 2.2-fold) down- and up-regulated, 
respectively, in the ssa1/2 deletion mutant compared with the wild-type. This is the most 
important finding of this study, and therefore I carried out further analysis of Hyp2p as described 
below. The other up-regulated proteins in the ssa1/2 deletion mutant were stress-inducible 
proteins (Table 4). Some Hsps (Hsp104p, Ssa4p, Kar2p and Hsc82p) and co-chaperone (Sti1p) 
were also identified in this study. These proteins have been shown to be up-regulated at the 
transcriptional or translational level in the ssa1/2 deletion mutant [41,47,87-89]. Sod1p, that is an 
anti-oxidant protein [90] was found (Table 4). In addition, the glycolysis/glyconeogenesis 
enzymes, Eno1p/Eno2p [91] and Tdh3p [92] were also up-regulated (Table 4). Recently, I also 
have found that these mRNA are up-regulated in the ssa1/2 deletion mutant at the mRNA level 
except TDH3, ENO1 and SOD1 genes (Table 4, see also [71]). 
The down-regulation of Fba1p, which is also an enzyme involved in 
glycolysis/glyconeogenesis were also found (Table 4). This is a paradox since the 
glycolysis/glyconeogenesis enzymes Tdh3p and Eno1p/Eno2p are up-regulated (Table 4). 
Previously, I found that the mRNA expressions of HXT2, GLK1 and HXK1 are up-regulated in 
the ssa1/2 deletion mutant [71]. However, it is difficult to explain the activation of 
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glycolysis/glyconeogenesis because of the down-regulation of Fba1p and the protein expressions 
of other glycolysis/glyconeogenesis enzymes were not detected in this study. 
 
Hyp2p is up-regulated and phosphorylated in the ssa1/2 deletion mutant at 
translational/post-translational level 
It was found that Hyp2p (D32 spot) is up-regulated in the ssa1/2 mutant. HYP2 (TIF51A) gene 
is an essential gene for yeast growth and development, and the hypusination (modification by 
hypusine [Nε-(4-amino-2-hydroxybutyl)-L-lysine]) of itself is also essential for cell 
viability[83,86,93]. Hyp2p has a function at the last step of mRNA degradation [94]. Hyp2p is 
important for protein synthesis including mRNA process [94,95] and ribosome biogenesis 
[96-99]. In a previous study, it has been shown that ribosomal protein genes are up-regulated in 
the ssa1/2 mutant [71]. This suggests that protein synthesis is up-regulated in the ssa1/2 deletion 
mutant. However, I have not shown further analysis of the up-regulation of protein synthesis in 
the ssa1/2 mutant at translational level in that study [71]. Moreover, HYP2 expression remains 
unchanged in the ssa1/2 deletion mutant over the wild-type (Table 4). These results indicate that 
Hyp2p is probably regulated at translational or post-translational levels. Therefore, it is 
suggested that the up-regulation of Hyp2p at translational level is important factor in the deletion 
of Ssa1p/Ssa2p. Furthermore, it was found that a ribosomal small subunit protein, 
Rps21ap/Rps21bp (Spot D43) was moderately up-regulated (1.4-fold, max ratio is 2.0) (Table 3). 
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Their mRNAs are 1.2/1.0-fold up-regulated, respectively (Table 4) [71]. Taken together with the 
up-regulation of Hyp2p and the ribosomal proteins, it is suggested that protein synthesis is 
facilitated in the ssa1/2 deletion mutant. 
 The higher protein expression levels of Hyp2p rather than their mRNA expression levels 
suggest that not only transcriptional but also translational regulation occurs in the ssa1/2 deletion 
mutant (Table 1). It has been shown that eIF-5A is phosphorylated on serine residue [100]. Thus 
I examined whether Hyp2p is phosphorylated in the ssa1/2 mutant and wild-type, using a 
phosphoprotein specific fluorescence stain, Pro-Q DPS. Pro-Q DPS has been shown to bind 
directly and exclusively to the phosphate moiety of phosphoproteins with high sensitivity and 
linearity [77]. A 2-DGE analysis showed that the D31/32 spots corresponding to Hyp2p were 
more strongly detected by Pro-Q DPS in the ssa1/2 deletion mutant than in wild type, indicating 
that Hyp2p is in vivo phosphorylated (Figs. 4A and B). This was correlated with changes in the 
Hyp2p protein expression level in the ssa1/2 deletion mutant (Figs. 2-3 and 4A, and Table 4). 
The up-regulation of total and phosphorylated Hyp2p, respectively, suggests that Hyp2p may be 
involved in facilitating protein synthesis, and that phosphorylated Hyp2p has an important role 
for protein synthesis in the ssa1/2 deletion mutant. 
RT-PCR analysis of HYP2 gene also showed that the HYP2 expression remains unchanged in 
the ssa1/2 deletion mutant over the wild-type (Fig. 4C). These results indicate that Hyp2p is 
probably regulated at translational or post-translational levels in the ssa1/2 deletion mutant. 
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CONCLUSION 
In this chapter, 22 nonredundant proteins changed in the ssa1/2 deletion mutant were 
identified using 2-D gel electrophoresis and nESI-LC-MS/MS, and N-terminal amino acid 
sequence analysis. Among the identified proteins, it was found a translation factor Hyp2p was 
up-regulated and highly phosphorylated in the ssa1/2 mutant. These results show that cytosolic 
Hsp70s, Ssa1p and Ssa2p, regulate many proteins involved in stress responses and protein 
synthesis, which complements and extends the recent study of the ssa1/2 transcriptome.  
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Table 1: The expressed proteins in the ssa1/2 deletion mutant identified by MS.  
Spot 
No. 
Protein name Description (NCBI) % AA 
coverage
Distinct 
peptides
Distinct 
summed 
MS/MS 
search score
NCBI 
Accession
MW (Da) pI/MW (Da) 
theoritical 
Sequence 
D2 Hsp104p Heat shock protein that cooperates 
with Ydj1p (Hsp40) and Ssa1p 
(Hsp70) to refold and reactivate 
previously denatured, aggregated 
proteins; responsive to stresses 
including: heat, ethanol, and sodium 
arsenite; involved in [PSI+] 
propagation; Hsp104p 
26 21 300.61 6323002 89000 5.31/102035 ALTILTLAQK/YDYDLFK/IPQQQPAPA
EITPSYALGK/EAQVDIEAIK/GADTNT
PLEYLSKYAIDMTEQAR/TAIIEGVAQ
RIIDDDVPTILQGAKLFSLDLAALTAG
AK/DDAANILKPALSR/VIGATTNNEY
R/ILDSALVTAAQLAK/QLQLIQVEIK/Q
KEASLQEELEPLR/YDTATAADLR/LE
DQVAEEERR/DLSSEVVGQMDAIK/VA
GFLFNDEDMMIR/ISSIVIFNK/LNLTQE
AK/LIQNEILNK 
D4 Kar2p ATPase involved in protein import 
into the ER, also acts as a chaperone to 
mediate protein folding in the ER and 
may play a role in ER export of 
soluble proteins; regulates the 
unfolded protein response via 
interaction with Ire1p; Kar2p  
30 18 278.33 6322426 82000 4.79/74468 TEILANEQGNRITPSYVAFTDDER/NQ
VAANPQNTIFDIK/DGKPAVEVSVK/V
THAVVTVPAYFNDAQR/IVNEPTAAAI
AYGLDK/IEIDSFVDGIDLSETLTRAKF
EELNLDLFK/VLQDSGLEK/VLQDSGL
EK/DVDDIVLVGGSTR/VQQLLESYFD
GK/SQIFSTAVDNQPTVMIK/FELTGIPP
APR/SESITITNDK/LTQEEIDR/FASEDA
SIK/LENYAHSLK 
D5 Hsc82p Cytoplasmic chaperone of the Hsp90 
family, redundant in function and 
nearly identical with Hsp82p, and 
together they are essential; expressed 
constitutively at 10-fold higher basal 
levels that HSP82 and induced 2-3 
fold by heat shock; Hsc82p 
41 24 407.46 6323840 83000 4.78/80900 ELISNASDALDK/AELINNLGTIAK/NN
EDEQYIWESNAGGSFTVTLDEVNER/L
FLKDDQLEYLEEK/VKEEVQELEELNK
T/NPSDITQEEYNAFYKSISNDWEDPL
YVK/APFDLFESK/GVVDSEDLPLNLSR
/LIEAFNEIAEDSEQFDKFYSAFAK/SV
DELTSLTDYVTR/KIYYITGESLK/SPFL
DALK/NFEVLFLTDPIDEYAFTQLK/TL
VDITKDFELEETDEEKAER/DILGDQV
EK/TGQFGWSANMER/DSSMSSYMSS
KKTFEISPK/DLTNLLFETALLTSGFSLE
EPTSFASR 
D6 Sti1p Hsp90 cochaperone, interacts with the 
Ssa group of the cytosolic Hsp70 
chaperones; activates the ATPase 
activity of Ssa1p; homolog of 
mammalian Hop protein; Sti1p 
18 9 123.38 6324601 79000 5.45/66265 AIEVSETPNHVLYSNRS/LGAAHLGLG
DLDEAESNYK/ALELDASNK/DITYLN
NR/KAEAEAYVNPEK/DWPNAVK/EY
ASALETLDAA/EIDQLYYK/FQPGTSNE
TPEETYQR 
D8 Cue5p Protein containing a CUE domain that 
binds ubiquitin, which may facilitate 
intramolecular monoubiquitination; 
green fluorescent protein 
(GFP)-fusion protein localizes to the 
cytoplasm in a punctate pattern; 
Cue5p  
22 8 97.29 6324615 74000 4.70/46869 SNVPESINEDISK/SEEEPSKENPILQEL
KDAFPNLEEK/RQTQLEQDELLAR/VS
NWISDAYR/VVAETTYIDTPDTETK/W
QPLPPEPLDTTPTK 
D9 Ssa4p Heat shock protein that is highly 
induced upon stress; plays a role in 
SRP-dependent cotranslational 
protein-membrane targeting and 
translocation; member of the HSP70 
family; cytoplasmic protein that 
concentrates in nuclei upon starvation; 
Ssa4p  
38 24 375.25 6320950 72000 5.03/69651 VEIIANDQGNRTTPSYVAFTDTER/NQ
AAMNPHNTVFDAK/KFDDPEVTNDA
K/GGKPVVQVEYK/TFTPEEISSMILTK
MKETAENFLGTEVKDAVVTVPAYFN
DSQR/DAGTIAGLNVLRIINEPTAAAIA
YGLDKK/ATAGDTHLGGEDFDSRLVN
FLAEEFK/LDKSQIDEIVLVGGSTR/LVS
DFFNGK/KSEVFSTYADNQPGVLIQVF
EGER/FELSGIPPAPR/NQLESYAFTLK/
QKELEGVANPIMSK 
D13 Hsp60p Tetradecameric mitochondrial 
chaperonin required for 
ATP-dependent folding of precursor 
polypeptides and complex assembly; 
prevents aggregation and mediates 
protein refolding after heat shock; role 
in mtDNA transmission; similarity to 
groEL; Hsp60p  
41 19 299.59 6323288 64000 5.22/60751 GVETLAEAVAATLGPK/NVLIEQPFGP
PK/LLQEVASKTNEAAGDGTTSATVL
GR/VIEFLSANK/EITTSEEIAQVATISA
NGDSHVGK/GFISPYFITDPK/VEFEKP
LLLLSEK/GSIDITTTNSYEK/LSGGVAV
IRVGGASEVEVGEK/DRYDDALNATR
AAVEEGILPGGGTALVK/VLDEVVVD
NFDQKLGVDIIR/QIIENAGEEGSVIIGK
LIDEYGDDFAK/SEYTDMLATGIIDPFK
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D15 Pdc1p Major of three pyruvate decarboxylase 
isozymes, key enzyme in alcoholic 
fermentation, decarboxylates pyruvate 
to acetaldehyde; subject to glucose-, 
ethanol-, and autoregulation; involved 
in amino acid catabolism; Pdc1p  
32 11 177.11 6323073 50000 5.80/61495 IYEVEGMRWAGNANELNAAYAADG
YAR/MSANISETTAMITDIATAPAEIDR
C/TTYVTQRPVYLGLPANLVDLNVPA
K/LIDLTQFPAFVTPMGK/YGGVYVGT
LSKPEVK/NATFPGVQMK/LLTTIADA
AK/TPANAAVPASTPLK/AQYNEIQGW
DHLSLLPTFGAK/MIEIMLPVFDAPQN
LVEQAK 
D16 Eno1p/Eno2p Enolase II, catalyzes the first common 
step of glycolysis and 
gluconeogenesis; expression is 
induced in response to glucose; Eno2p 
67 25 408.61 6321968 42000 5.67/46914 GNPTVEVELTTEK/SIVPSGASTGVHE
ALEMRDEDK/GVMNAVNNVNNVIAA
AFVK/AVDDFLLSLDGTANKS/LGANA
ILGVSMAAAR/NVPLYQHLADLSK/IG
SEVYHNLK/RYGASAGNVGDEGGVAP
NIQTAEEALDLIVDAIK/DGKYDLDFK
NPESDK/WLTGVELADMYHSLMKRY
PIVSIEDPFAEDDWEAWSHFFKTAGIQI
VADDLTVTNPAR/KAADALLLKVNQI
GTLSESIKAAQDSFAANWGVMVSHRS
GETEDTFIADLVVGLR/LNQLLRIEEEL
GDKAVYAGENFHHGDKL 
D17 Adh1p Alcohol dehydrogenase, fermentative 
isozyme active as homo- or 
heterotetramers; required for the 
reduction of acetaldehyde to ethanol, 
the last step in the glycolytic pathway; 
Adh1p 
35 10 133.44 1168350 40000 6.26/36823 GVIFYESHGK/ANELLINVK/LPLVGGH
EGAGVVVGMGENVK/VLGIDGGEGK
EELFRSIGGEVFIDFTK/ATDGGAHGVI
NVSVSEAAIEASTR/SISIVGSYVGNR/E
ALDFFAR/VVGLSTLPEIYEK 
D18 Pgk1p 3-phosphoglycerate kinase, catalyzes 
transfer of high-energy phosphoryl 
groups from the acyl phosphate of 
1,3-bisphosphoglycerate to ADP to 
produce ATP; key enzyme in 
glycolysis and gluconeogenesis; 
Pgk1p  
58 19 277.29 10383781 41000 7.11/44738 LSVQDLDLK/VDFNVPLDGKK/ASAPG
SVILLENLRYHIEEEGSR/HELSSLADV
YINDAFGTAHRAHSSMVGFDLPQRAA
GFLLEK/ALENPTRPFLAILGGAKVAD
K/VLENTEIGDSIFDK/GVEVVLPVDEII
ADAFSADANTKTVTDKEGIPAGWQG
LDNGPESRKLFAATVAK/TIVWNGPPG
VFEFEK/ALLDEVVKSSAAGNTVIIGG
GDTATVAK/ISHVSTGGGASLELLEGK
ELPGVAFLSEK 
D20 Fba1p Fructose 1,6-bisphosphate aldolase, a 
cytosolic enzyme required for 
glycolysis and gluconeogenesis; 
catalyzes the conversion of fructose 
1,6 bisphosphate into two 3-carbon 
products: glyceraldehyde-3-phosphate 
and dihydroxyacetone phosphate; 
Fba1p 
26 8 134.19 6322790 36000 5.51/39621 KTGVIVGEDVHNLFTYAK/SPIILQTSN
GGAAYFAGKGISNEGQNASIKGAIAA
AHYIR/LLPWFDGMLEADEAYFK/DYI
MSPVGNPEGPEKPNKK 
D21 Tdh3p Glyceraldehyde-3-phosphate 
dehydrogenase, isozyme 3, involved 
in glycolysis and gluconeogenesis; 
tetramer that catalyzes the reaction of 
glyceraldehyde-3-phosphate to 1,3 
bis-phosphoglycerate; detected in the 
cytoplasm and cell-wall; Tdh3p  
34 7 115.65 45269553 29000 6.72/35688 YAGEVSHDDKHIIVDGK/DPANLPWG
SSNVDIAIDSTGVFK/VVITAPSSTAPM
FVMGVNEEK/ASGNIIPSSTGAAK/VPT
VDVSVVDLTVK/LVSWYDNEYGYSTR
VVDLVEHVAK 
D23 Tdh3p Glyceraldehyde-3-phosphate 
dehydrogenase, isozyme 3, involved 
in glycolysis and gluconeogenesis; 
tetramer that catalyzes the reaction of 
glyceraldehyde-3-phosphate to 1,3 
bis-phosphoglycerate; detected in the 
cytoplasm and cell-wall; Tdh3p  
42 10 166.48 45269553 29000 6.72/35688 YAGEVSHDDKHIIVDGK/DPANLPWG
SSNVDIAIDSTGVFK/KVVITAPSSTAP
MFVMGVNEEK/VINDAFGIEEGLMTT
VHSLTATQK/TASGNIIPSSTGAAK/VP
TVDVSVVDLTVK/LVSWYDNEYGYST
RVVDLVEHVAKA 
D24 Rps0ap Protein component of the small (40S) 
ribosomal subunit, nearly identical to 
Rps0Bp; required for maturation of 
18S rRNA along with Rps0Bp; 
deletion of either RPS0 gene reduces 
growth rate, deletion of both genes is 
lethal; Rps0ap 
19 4 55.1 6321653 25000 4.64/28024 IIAAIPNPEDVVAISSR/FAAHTGATPIA
GRFTPGSFTNYITR/LVIVTDPR 
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D24 Rps0bp Protein component of the small (40S) 
ribosomal subunit, nearly identical to 
Rps0Ap; required for maturation of 
18S rRNA along with Rps0Ap; 
deletion of either RPS0 gene reduces 
growth rate, deletion of both genes is 
lethal; Rps0bp  
19 4 55.1 6323077 25000 4.64/28024 IIAAIPNPEDVVAISSR/FAAHTGATPIA
GRFTPGSFTNYITR/LVIVTDPR 
D25 Tif6p Constituent of 66S pre-ribosomal 
particles, has similarity to human 
translation initiation factor 6 (eIF6); 
may be involved in the biogenesis and 
or stability of 60S ribosomal subunits; 
Tif6p 
24 4 60.29 6325273 24000 4.54/26457 TQFENSNEIGVFSK/GLLVPTQTTDQEL
QHLR/ETEELISDVLGVEVFR/LQDAQP
ESISGNLR 
D28 Tpi1p induced under stress conditions; 
triosephosphate isomerase; Tpi1p 
56 10 182.25 6320255 23000 5.74/26795 TFFVGGNFK/KPQVTVGAQNAYLKAS
GAFTGENSVDQIKDVGAKWVILGHSE
R/SYFHEDDKFIADK/DWTNVVVAYEP
VWAIGTGLAATPEDAQDIHASIR/ILYG
GSANGSNAVTFKDKADVDGFLVGGA
SLKPEFVDIINSR 
D31 Hyp2p Translation initiation factor eIF-5A, 
promotes formation of the first peptide 
bond; similar to and functionally 
redundant with Anb1p; undergoes an 
essential hypusination modification; 
expressed under aerobic conditions; 
Hyp2p  
52 9 160.48 6320801 19000 4.81/17114 NGFVVIK/VHLVAIDIFTGKKLEDLSPS
THNMEVPVVKRNEYQLLDIDDGFLSL
MNMDGDTKDDVKAREGELGDSLQTA
FDEGK 
D32 Hyp2p Translation initiation factor eIF-5A, 
promotes formation of the first peptide 
bond; similar to and functionally 
redundant with Anb1p; undergoes an 
essential hypusination modification; 
expressed under aerobic conditions; 
Hyp2p  
45 8 140.35 6320801 20000 4.81/17114 NGFVVIK/KLEDLSPSTHNMEVPVVKR
NEYQLLDIDDGFLSLMNMDGDTKDD
VKAPEGELGDSLQTAFDEGK 
D33 Tsa1p Thioredoxin peroxidase (TPx), 
reduces H2O2 and alkyl 
hydroperoxides using hydrogens 
provided by thioredoxin, thioredoxin 
reductase, and NADPH; provides 
protection against oxidation systems 
that generate reactive oxygen and 
sulfur species; Tsa1p 
34 7 106.14 6323613 19000 5.03/21589 TAVVDGVFDEVSLDKYK/DYGVLIEE
EGVALRLFIIDPK/HITINDLPVGR/LVE
AFQWTDKNGT/EYFEAANK 
D34 Ahp1p Thiol-specific peroxiredoxin, reduces 
hydroperoxides to protect against 
oxidative damage; function in vivo 
requires covalent conjugation to 
Urm1p; Ahp1p  
29 4 58.3 6323138 18000 5.01/19114 MPQTVEWSK/KEVDQVIVVTVDNPFA
NQAWAK/ETNPGTDVTVSSVESVLAH
L 
D35 Ahp1p Thiol-specific peroxiredoxin, reduces 
hydroperoxides to protect against 
oxidative damage; function in vivo 
requires covalent conjugation to 
Urm1p; Ahp1p  
37 6 94.57 6323138 18000 5.01/19114 KFPAGDYK/MPQTVEWSK/EKEVDQVI
VVTVDNPFANQAWAK/DTTHIK/ETNP
GTDVTVSSVESVLAHL 
D36 Ahp1p Thiol-specific peroxiredoxin, reduces 
hydroperoxides to protect against 
oxidative damage; function in vivo 
requires covalent conjugation to 
Urm1p; Ahp1p  
47 6 109.82 6323138 18000 5.01/19114 MPQTVEWSK/EKEVDQVIVVTVDNPF
ANQAWAK/SIGFELAVGDGVYWSGR
WAMVVENGIVTYAAKETNPGTDVTS
SVESVLAHL 
D37 Sod1p Cu, Zn superoxide dismutase; some 
mutations are analogous to those that 
cause ALS (amyotrophic lateral 
sclerosis) in humans; Sod1p 
42 5 80.36 6322564 17000 5.62/15854 GDAGVSGVVKFEQASESETPTTVSYEI
AGNSPNAER/LIGPTSVVGRSVVIHAG
QDDLGKGDTEESLK 
D38 Tdh3p Glyceraldehyde-3-phosphate 
dehydrogenase, isozyme 3, involved 
in glycolysis and gluconeogenesis; 
tetramer that catalyzes the reaction of 
glyceraldehyde-3-phosphate to 1,3 
bis-phosphoglycerate; detected in the 
cytoplasm and cell-wall; Tdh3p  
40 7 101.33 6321631 17000 6.46/35746 DPANLPWGSSNVDIAIDSTGVFK/VIN
DAF/VINDAFGIEEGLMTTVHSLTATQ
K/TASGNIIPSSTGAAK/VPTVDVSVVD
LTVK/GVLGYTEDAVVSSDFLGDSHSS
IFDASAGIQLSPK/LVSWYDNEYGYST
RVVDLVEHVA 
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D39 Zeo1p Peripheral membrane protein of the 
plasma membrane that interacts with 
Mid2p; regulates the cell integrity 
pathway mediated by Pkc1p and 
Slt2p; Zeo1p 
37 5 70.3 6324463 16000 5.43/12589 EQAEASIDNLKNEATPEAEQVKKEEQ
NIADGVEQK/KIASIFN 
D40 Cpr1p Cytoplasmic peptidyl-prolyl cis-trans 
isomerase (cyclophilin), catalyzes the 
cis-trans isomerization of peptide 
bonds N-terminal to proline residues; 
binds the drug cyclosporin A; Cpr1p 
46 9 139.82 6320359 15000 6.90/17390 LYNDIVPK/GFGYAGSPFHRVIPDFML
QGGDFTAGNGTGGK/FPDENFKK/HV
VFGEVVDGYDIVKKVESLGSPSGATK
D41 Eno1p/Eno2p Enolase II, catalyzes the first common 
step of glycolysis and 
gluconeogenesis; expression is 
induced in response to glucose; Eno2p 
14 7 106.28 6321968 14000 5.67/46914 AADALLLKVNQIGTLSESIK/SGETEDT
FIADLVVGLR/LNQLLRIEEELGDKAV
YAGENFHHGDKL 
D43 Rps21ap Protein component of the small (40S) 
ribosomal subunit; RPS21ap 
36 3 48.4 6322325 11000 5.75/9759 GQLVELYVPR/ADDHASVQINVAK/LA
QNDGLLK 
D43 Rps21bp Protein component of the small (40S) 
ribosomal subunit; RPS21bp 
36 3 48.4 6322910 11000 5.75/9759 GQLVELYVPR/ADDHASVQINVAK/LA
QNDGLLK 
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Table 2: The expressed proteins in the ssa1/2 deletion mutant identified by Edman 
sequencing.  
Spot No. N-terminal Sequence Protein 
name 
Description (NCBI) Identity 
(%) 
NCBI 
Accession 
MW (Da) pI/MW(Da) 
theoritical 
C4/D4 N-ADDVENYGTVIG Kar2p ATPase involved in protein 
import into the ER, also acts as 
a chaperone to mediate protein 
folding in the ER and may play 
a role in ER export of soluble 
proteins; regulates the unfolded 
protein response via interaction 
with Ire1p; Kar2p  
100 6322426 83000 4.79/74468 
C5/D5 N-AGETFEEQAEIT Hsc82p Cytoplasmic chaperone of the 
Hsp90 family, redundant in 
function and nearly identical 
with Hsp82p, and together they 
are essential; expressed 
constitutively at 10-fold higher 
basal levels that HSP82 and 
induced 2-3 fold by heat shock; 
Hsc82p 
100 6323840 82000 4.78/80900 
C6/D6 N-QLGADEYKRQGN Sti1p Hsp90 cochaperone, interacts 
with the Ssa group of the 
cytosolic Hsp70 chaperones; 
activates the ATPase activity of 
Ssa1p; homolog of mammalian 
Hop protein; Sti1p 
91 6324601 79000 5.45/66265 
C7/D7 N- SLTADEYKQQGN Sti1p Hsp90 cochaperone, interacts 
with the Ssa group of the 
cytosolic Hsp70 chaperones; 
activates the ATPase activity of 
Ssa1p; homolog of mammalian 
Hop protein; Sti1p 
100 6324601 79000 5.45/66265 
D13 N-SI(orV,G)HKELKFG
VEG 
Hsp60p Tetradecameric mitochondrial 
chaperonin required for 
ATP-dependent folding of 
precursor polypeptides and 
complex assembly; prevents 
aggregation and mediates 
protein refolding after heat 
shock; role in mtDNA 
transmission; similarity to 
groEL; Hsp60p  
91 6323288 63000 5.22/60751 
C16/D16 N-AVSKVYARSVYD Eno1p Enolase I, catalyzes the first 
common step of glycolysis and 
gluconeogenesis; expression is 
repressed in response to 
glucose; Eno1p  
100 6321693 42000 5.67/46914 
  Eno2p Enolase II, catalyzes the first 
common step of glycolysis and 
gluconeogenesis; expression is 
induced in response to glucose; 
Eno2p  
100 6321968 42000 5.67/46914 
C20/D20 N-GVEQILKRKTGV Fba1p Fructose 1,6-bisphosphate 
aldolase, a cytosolic enzyme 
required for glycolysis and 
gluconeogenesis; catalyzes the 
conversion of fructose 1,6 
bisphosphate into two 3-carbon 
products: 
glyceraldehyde-3-phosphate and 
dihydroxyacetone phosphate; 
Fba1p 
100 6322790 36000 5.51/39621 
D26 N-VQAVAVLKGDAG Sod1p Cu, Zn superoxide dismutase; 
some mutations are analogous to 
those that cause ALS 
(amyotrophic lateral sclerosis) 
100 6322564 23000 5.62/15854 
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in humans; Sod1p 
C28/D28 N-ARTFFVGGNFKL Tpi1p nduced under stress conditions; 
triosephosphate isomerase; 
Tpi1p 
100 6320255 23000 5.74/26795 
C30/D30 N-GVNEEKYTSDLK Tdh3p Glyceraldehyde-3-phosphate 
dehydrogenase, isozyme 3, 
involved in glycolysis and 
gluconeogenesis; tetramer that 
catalyzes the reaction of 
glyceraldehyde-3-phosphate to 
1,3 bis-phosphoglycerate; 
detected in the cytoplasm and 
cell-wall; Tdh3p  
100 45269553 20000 6.46/35746 
  Tdh2p Glyceraldehyde-3-phosphate 
dehydrogenase, isozyme 2, 
involved in glycolysis and 
gluconeogenesis; tetramer that 
catalyzes the reaction of 
glyceraldehyde-3-phosphate to 
1,3 bis-phosphoglycerate; 
detected in the cytoplasm and 
cell-wall; Tdh2p  
100 6322468 20000 6.46/35746 
C34/D34 N-PDL(orE)TNKE(orK,
V)FPG(orM) QD 
Ahp1p Thiol-specific peroxiredoxin, 
reduces hydroperoxides to 
protect against oxidative 
damage; function in vivo 
requires covalent conjugation to 
Urm1p; Ahp1p  
72 6323138 18000 5.01/19114 
        
C36/D36 N-PDLANKKFOAFD Ahp1p Thiol-specific peroxiredoxin, 
reduces hydroperoxides to 
protect against oxidative 
damage; function in vivo 
requires covalent conjugation to 
Urm1p; Ahp1p  
81 6323138 18000 5.01/19114 
C37/D37 N-VQAVAVLKGDAG Sod1p Cu, Zn superoxide dismutase; 
some mutations are analogous to 
those that cause ALS 
(amyotrophic lateral sclerosis) 
in humans; Sod1p 
100 6322564 17000 5.62/15854 
C39/D39 N-XEIQNKAETAAQ Zeo1p Peripheral membrane protein of 
the plasma membrane that 
interacts with Mid2p; regulates 
the cell integrity pathway 
mediated by Pkc1p and Slt2p; 
Zeo1p 
100 6324463 15000 5.43/12589 
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Table 3: Expressed proteins and comparison between protein and mRNA 
levels in the ssa1/2 deletion mutant. 
 Spot No. Identified 
protein name 
Protein 
fold* 
SD of 
protein fold
mRNA 
fold*** 
SD of 
mRNA fold 
 D02 Hsp104p 136.2 193.4 5.5 3.8 
 C4/D4 Kar2p 2.1 0.5 2.7 1.0 
 C5/D5 Hsc82p 4.9 2.1 3.1 0.9 
 C6/D6 Sti1p 10.1 10.2 4.0 2.1 
 C7/D7** Sti1p 3.7 0.3 4.0 2.1 
 D08 Tpi1p 1.2 1.1 0.7 0.4 
 D9 Ssa4p 3.8 0.9 12.0 7.8 
 D13 Hsp60p 3.2 2.7 2.5 1.8 
 D15 Pdc1p 0.9 0.6 0.4 0.1 
 C16/D16 Eno1p/Eno2p 1.8 0.9 1.6/1.9 0.7/0.2 
 D17 Adh1p 1.4 0.9 1.8 0.2 
 D18 Pgk1p 0.8 0.1 1.9 0.6 
 D20 Fba1p 0.6 0.5 0.8 0.6 
 D21 Tdh3p 10.7 9.9 1.6 1.0 
 D23 Tdh3p 1.3 0.6 1.6 1.0 
 D24 Rps0ap/Rps0bp 1.4 0.2 1.3/1.3 1.0/0.3 
 D25 Tif6p 1.0 0.1 1.3 0.3 
 C26/D26** Sod1p 19.9 16.6 1.5 0.7 
 D27 Tpi1p 0.9 0.7 0.7 0.4 
 D28 Tpi1p 0.6 0.1 0.7 0.4 
 D30 Tdh3p  1.7 0.6 1.6 1.0 
 D31 Hyp2p 0.7 0.2 0.9 0.2 
 C32/D32 Hyp2p 1.9 0.6 0.9 0.2 
 D33 Tsa1p 1.8 0.7 0.6 0.3 
 D34 Ahp1p 3.2 2.8 1.3 0.8 
 D35 Ahp1p 2.0 1.4 1.3 0.8 
 D36 Ahp1p 1.3 0.5 1.3 0.8 
 D37 Sod1p 0.8 0.3 1.5 0.7 
 D38 Tdh3p 1.3 0.3 1.6 1.0 
 D39 Zeo1p 1.2 0.6 1.2 0.4 
 D40 Cpr1p 1.1 0.5 1.8 0.6 
 D41 Eno1p/Eno2p 1.1 0.6 1.6/1.9 0.7/0.2 
 D43 Rps21ap/Rps21b 1.4 0.8 1.2/1.0 0.7/0.2 
 C0 Ssa1p 0.0 0.0 - - 
*The up-regulated proteins (over 2- fold expressed) and down-regulated proteins (over 2-fold 
suppressed) in the ssa1/2 deletion mutant were determined by twice induction of three 
individual experiments. 
**Protein identified by N-terminal amino acid sequence.  
***mRNA fold are according to transcriptome analysis (see also chapter 1). 
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Table 4: Differentially expressed proteins and comparison between protein 
and mRNA levels in the ssa1/2 deletion mutant. 
         
Up-regulated proteins   
Spot No. Identified protein name Protein fold* SD of 
protein fold
mRNA 
fold*** 
SD of mRNA 
fold 
D2 Hsp104p 136.2 193.4 5.5 3.8 
C4/D4 Kar2p 2.1 0.5 2.7 1.0 
C5/D5 Hsc82p 4.9 2.1 3.1 0.9 
C6/D6 Sti1p 10.1 10.2 4.0 2.1 
C7/D7** Sti1p 3.7 0.3 4.0 2.1 
D9 Ssa4p 3.8 0.9 12.0 7.8 
C16/D16 Eno1p/Eno2p 1.8 0.9 1.6/1.9 0.7/0.2 
D21 Tdh3p 10.7 9.9 1.6 1.0 
C26/D26*
* 
Sod1p 19.9 16.6 1.5 0.7 
C32/D32 Hyp2p 1.9 0.6 0.9 0.2 
     
Down-regulated proteins   
Spot No. Identified protein name Protein fold SD of 
protein fold
mRNA fold** SD of mRNA 
fold 
D20 Fba1p 0.6 0.5 0.8 0.6 
C0 Ssa1p/Ssa2p 0.0 0.0 - - 
   
*The up-regulated proteins (over 2- fold expressed) and down-regulated proteins (over 2-fold 
suppressed) in the ssa1/2 deletion mutant were determined by twice induction of three 
individual experiments. 
**Protein identified by N-terminal amino acid sequence.   
***mRNA fold are according to transcriptome analysis (see also chapter 1).  
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YEAST CELLS
(500 mg Pellet/Frozen at -80ºC)
Store Supernatant Aliquots at -80ºC 
Crude Protein Extract
Protein Concentration (Bradford/BSA)
2: Glass beads
(450-600 micron)
1: Cell pellet
3: Add 500 µl Lysis Buffer (LB-TT)
Add 14 mM DTT & Vortex  
at 4ºC for 10 minutes
SUPERNATANT (II)
Centrifugation
(15,000 rpm –
15 minutes, 4ºC)
Centrifugation
(15,000 rpm –
15 minutes, 4ºC)
Supernatant (I)
 
 
Figure 1: One-step extraction protocol for total proteins from S. cerevisiae. 
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Figure 2: 2-DGE protein profiles in S. cerevisiae wild-type strain. Ca. 350 µg protein was 
separated by 2-DGE and visualized with CBB stain. First dimension (left to right): IEF (pI 
3.5-10); and second dimension (top to bottom): SDS-PAGE (15%). Isoelectric points (pI) and 
molecular mass standards (M, 10 µl Precision Plus Protein Standards, Bio-Rad) are indicated on 
the top and the left hand side, respectively. The proteins were visualized by first fixing in 20% 
(w/v) trichloroacetic acid (TCA) for 30 min, followed by staining with CBB [0.1% (w/v) CBB 
R-250 (Fluka Chemie GmbH, Buchs, Switzerland); 50% (v/v) methanol (MeOH), 10% (v/v) 
acetic acid] for 30 min, and destaining of the gels for 2 h (4 × 30 min) with a gel-destaining 
solution (36.67% (v/v) MeOH, and 10% (v/v) acetic acid). 
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Figure 3: 2-DGE protein profiles in S. cerevisiae ssa1/2 deletion mutant for tandem MS 
analysis. Ca. 350 µg total protein extracted with LB-TT was separated by 2-DGE and visualized 
with CBB stain as described in Figure 2. Red and blue circles or squares indicate up-regulated 
and down-regulated protein spots, respectively. The black circle indicates no change. 
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Figure 4: Phosphoprotein staining of Hyp2p on 2-D gel. (A) Detection of phosphoproteins 
using Pro-Q Diamond staining (Pro-Q DPS). Total proteins were detected by SYPRO ruby (SP) 
staining. (B) The relative intensity of the phosphoproteins (spot C/D31 and C/D32) is graphically 
presented. (C) RT-PCR analysis of HYP2 gene in the ssa1/2 deletion mutant and wild-type. 
ACT1 was used as constitutively expressed control. The RT-PCR products were run on a 1.5% 
agarose gel. WT, wild-type; ssa1/2 deletion mutant. 
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CHAPTER 3 
The chaperone function of Hsp104 
under hydrostatic pressure condition 
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SUMMARY 
  Hsp104p is the 100 kDa heat-shock protein in yeast S. cerevisiae, and it works as a molecular 
chaperone. The chaperone function of Hsp depended on the temperature under hydrostatic 
pressure conditions. When yeast cells were exposed to mild heat of 43˚C, the intracellular 
aggregates were appeared throughout the cells and induced Hsp104p to surround the aggregates. 
With immunoelectron microscopy, I observed that these cells moved under hydrostatic pressure. 
Under 100 MPa hydrostatic pressure for 80min, Hsp104p dissappeared from intracellular 
aggregates at 35˚C. However, on exposure to 100 MPa at 4˚C, the intracellular localization of 
Hsp104p did not change when compared to only mildly heat-shockd cells. From these results, it 
suggests that Hsp104p works as a molecular chaperone under hydrostatic pressure at 35˚C, but 
not 4˚C.  
   
INTRODUCTION 
 A small amount of Hsp104p exists at a normal temperature. However, when yeast cells are 
exposed to mild heat, Hsp104p is strongly induced. The cells then acquire thermotolerance 
[19,101]. Hsp104p also disaggregates the denatured protein in the manner of a molecular 
chaperone [20,25]. Hsp104p works as a chaperone with co-chaperones Ssa1 and Ydj1 [21]. 
Hsp104p is not highly induced under the stress of hydrostatic pressure; however, the cells that 
are induced Hsp104p by mild heat acquire barotolerance [102]. Thus, the mechanism of 
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barotolerance is similar to thermotolerance. In the hsp104 deletion mutant strain, the 
barotolerane decreases compared to the wild-type at 35˚C; however, the deletion of Hsp104p 
does not affect barotolerance at 4˚C [103]. From 2-D electrophoresis data of an insoluble fraction 
in pressurized cells that are mildly heat-shocked, the protein patterns between 35˚C and 4˚C are 
different [103]. Moreover, in pressurized cells at 35˚C, the amount of Hsp104p was lower than 
mild heat-shocked cells. However, in the pressurized cells at 4˚C, Hsp104p level does not change 
compare with mild heat-shocked cells [103]. These phenomena indicate that the chaperone 
function of Hsp104p also depends on temperature while under hydrostatic pressure. To be certain 
of the chaperone function of Hsp104p under hydrostatic pressure, I analyzed the chaperone 
function of Hsp104p by observing the intracellular localization of Hsp104p in the cells under 
hydrostatic pressure using immunoelectron microscopy. 
 
MATERIALS AND METHODS 
Strain and growth conditions 
  Saccharomyces cerevisiae IFO-0224 cells were grown to logarithmic phase in a YPD liquid 
medium (1% yeast extract, 2% peptone, and 2% glucose) at 30˚C.  To induce Hsp104p, cells 
were treated with mild heat at 43˚C for 90 min. 
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Hydrostatic pressure treatment 
  After a mild heat-shock treatment, cells were treated with hydrostatic pressure under 100 MPa 
at 35˚C and 4˚C for 80min. The system of hydrostatic pressure system is described in Iwahashi et 
al [103]. 
 
Immunoelectron microscopic observation 
  The procedure is described in Kawai et al. [66]. For immuno-labeling, ultrathin sections were 
incubated anti-Hsp104p (1: 2000 dilution) antiserum for 90min and then incubated with goat 
anti-rabbit IgG conjugated to colloidal gold (British Biocell International Technical Services 
Department, 1: 40 dilution) for 60 min at room temperature. 
 
Quantitative analysis of immunoelectron micrographs 
  The area of intracellular aggregates and the colloidal gold particles that localized around 
aggregates were quantified using an NIH image 1.62 from each of the 40 immunoelectron 
micrographs. The ratio of colloidal gold particles against the intracellular aggregate area was 
calculated.  
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RESULTS 
The intracellular localization of Hsp104 under hydrostatic pressure  
I performed immunoelectron microscopic analysis of Hsp104p. At first, I observed the cells 
under normal and mild heat conditions after immuno-labeling of Hsp104p. At a normal 
temperature (30˚C), a few gold particles indicated that Hsp104p existed in the nucleus and 
cytoplasm (Fig. 1). On exposure to mild heat of 43˚C for 90 min, the electron-dense materials 
appeared throughout the cells (Fig.2). Speculation is that these materials are intracellular 
aggregated proteins that are denatured by mild heat-shock. As a result, Hsp104p is increased in 
nucleus and cytoplasm, and surround the intracellular aggregates (Fig.2, arrow).  
Furthermore, to reveal the function of Hsp104p under hydrostatic pressure, I used 
immunoelectron microscopy to analyze the pressurized cells, which showed that Hsp104p was 
highly induced by mild heat-shock treatment. On exposure to 100 MPa at 35˚C for 80 min, 
Hsp104p dispersed from the intracellular aggregates and decreased (Fig. 3, arrow). In contrast, 
on exposure to 100 MPa at 4˚C for 80 min, the intracellular localization of Hsp104p did not 
change compared to mildly heat-shocked cells (Fig. 4, arrow).  
 
The fixed quantity of colloidal gold particles and the intracellular aggregate area 
To confirm the results of immunoelectron micrographs under hydrostatic pressure, I performed 
a fixed quantity of colloidal gold particles around the intracellular aggregates area by using 
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software for image analysis, NIH Image 1.62. The amount of colloidal gold particles under 
hydrostatic pressure at 35˚C is less half of that at 4˚C (Fig. 5). These results agree with those 
shown on immunoelecton micrographs.   
 
DISCUSSION 
In previous work, I reported that Hsp104 surrounds intracellular aggregates after a mild 
heat-shock treatment [66]. It suggests that Hsp104 associates closely with protein aggregates 
under mild heat condition. In this chapter, I showed the results under hydrostatic pressure as 
follows. On exposure to 100 MPa at 35˚C for 80 min, Hsp104p dispersed from intracellular 
aggregates and decreased (Fig. 3). In contrast, on exposure to 100MPa at 4˚C for 80 min, the 
intracellular localization of Hsp104p did not appear any differently from mildly heat-shocked 
cells (Fig. 4).  
The fixed quantity of colloidal gold particles suggests that the amount of Hsp104p under 
hydrostatic pressure at 35˚C is less than half of that at 4˚C (Fig. 5). This data agreed with that 
from the immunoelecton micrographs.  
 These results suggests that Hsp104p works as a chaperone at 35˚C under hydrostatic pressure; 
however, cold temperature (4˚C) is not an optimum temperature for a chaperone function of 
Hsp104p. Therefore, it is possible that Hsp104p did not perform a chaperone function.  These 
different intracellular localizations of Hsp104p between 35˚C and 4˚C revealed that the 
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chaperone function of Hsp104p depends on the temperature while under hydrostatic pressure 
conditions. 
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Fig. 1-4 Immunoelectron micrograph of S. cerevisiae IFO-0224 cells. Immunogold labeling of 
Hsp104. Cells were grown to logarithmic phase at 30˚C (Fig. 1). Mild heat-shock treatment was 
applied at 43˚C for 90 min (Fig. 2), and then hydrostatic pressure treatment (100MPa) was 
applied at 35˚C (Fig. 3) and 4˚C (Fig. 4) for 80 min. Cells were fixed with 3% paraformaldehyde 
and 0.5% glutaraldehyde were then treated with sodium metaperiodate and 50mM ammonium 
chloride, respectively. Ultrathin sections were incubated with the anti-Hsp104 antiserum and 
labeled with colloidal gold conjugating anti-rabbit IgG. N, nucleus; M. mitochondria; V, vacuole. 
Bars, 500 nm.  
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Fig. 5 Relative amount of colloidal gold particles around intracellular aggregates. Mild
heat-shock treatment was applied at 43˚C for 90 min (HS), and then hydrostatic pressure
treatment (100MPa) was applied at 4˚C (HS&HP4) and 35˚C (HS&HP35) for 80 min.  
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SSA1 is multi-functional [35-39], and the ssa1/2 double deletion mutant shows drastic changes 
to acquire thermotolerance, which is similar to the mild heat-shocked wild-type. As Ssa1p and 
Ssa2p are cytosolic molecular chaperones, it is hypothesized that unfolded proteins appear by the 
double deletion of SSA1/2. Consequently, I focused cytosolic Hsp70 Ssa1p and Ssa2p, and 
carried out the analysis what the effect of the Ssa1/2p deletion in the mechanism of response to 
denatured proteins. Although the mechanisms of the response to denatured proteins by molecular 
chaperone system with Hsp70, Hsp104, Hsp40 and small Hsp have been studied well [21-23], 
these studies describe only the relationship of each chaperone. Therefore I carried out the global 
mRNA and protein expression to describe the global response developed by yeast to the 
deletions, but also to reveal the mechanism of the response to denatured proteins. As the results, 
novel findings on the effect of the deletion of SSA1/2 genes were exposed from transcriptome 
and proteome analysis. 
 
In chapter 1, I found that the protein synthesis and ubiquitin-proteasome degradation system 
were up-regulated in the ssa1/2 deletion mutant, whereas UPR genes were up-regulated but 
protein synthesis was strongly suppressed in the mild heat-shocked wild-type. These results 
suggest that the mechanism for rescue of denatured proteins in the ssa1/2 deletion mutant differs 
from that in the mild heat-shocked wild-type, although the phenomena on acquisition of 
thermotolerance are similar.  
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Futhermore, in chapter 2, I carried out the protein expression analysis of the ssa1/2 deletion 
mutant using 2-D gel electrophoresis and nESI-LC-MS/MS, and N-terminal amino acid sequence 
analysis. Among the identified proteins, I found a translation factor Hyp2p was up-regulated and 
highly phosphorylated in the ssa1/2 deletion mutant. These results show that cytosolic Hsp70s, 
Ssa1p and Ssa2p, regulate many proteins involved in stress responses and protein synthesis, 
which complements and extends the recent study of the ssa1/2 transcriptome.  
Additionally, I mentioned the applied research that the chaperone function of Hsp104p, the 
co-chaperone of Ssa1/2p under the hydrostatic pressure in chapter 3. Interestingly, it is found that 
the chaperone function of Hsp104 depends on temperature while under hydrostatic pressure. It is 
thought that the chaperone function under the stress without heat-shock is required for the 
understanding of the relationship between Hsps and environmental stress.  
 
The hypothesis of stress response mechanism against denatured proteins by the deletion of 
SSA1 and SSA2 was summarized in Fig. 1. As I speculated in chapter 1, the genes involved in 
proteolytic degradation (PRE1, RPN4, RPN12, SCL1 and UBC4) may be up-regulated to remove 
denatured proteins that is lead by the deletion of SSA1/2. However, if the ubiquitin-proteasome 
system keeps on degrading proteins, the depletion of the proteins essential for growth and 
development will occur. It is suggested that the genes (ribosomal protein genes) and protein 
(Hyp2p) involved in protein synthesis is activated to supply the proteins deleted by proteolytic 
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degradation in the ssa1/2 deletion mutant. Furthermore, the phosphorylation of Hyp2p may be 
important to facilitate of protein synthesis by the deletion of SSA1/2.  
 
In this study, novel up-regulated proteins were found in the ssa1/2 deletion mutant, while I 
faced the problem that the proteome analysis using 2-DGE technology has a limitation since only 
visible spots (at CBB, silver or SYPRO-Ruby staining levels) can be analyzed. Therefore I tend 
to miss the differential expression of trace amount of proteins. More detailed proteome analysis 
using in solution digestion technology is required for future study.  
Moreover, ubiquitin-proteasome degradation is important for the research of misfolding 
diseases, further analysis of the facilitation of proteolytic degradation by two cytosolic Hsp70s. 
The identification of ubiquitinated proteins in the ssa1/2 deleiton mutant using 
immunoprecipitation is in progress to reveal more detail of that the facilitation of 
ubiquitin-proteasome degradation in the ssa1/2 deletion mutant. If the target proteins of 
ubiquitination by the deletion of SSA1/2 are revealed, the unknown function of SSA1/2 will be 
found. I hope this study will help the research of misfolding diseases in the future. 
                                                          General Discussion 
 77
 
 
 
Figure 1. The hypothesis of stress response mechanism against denatured proteins by the 
deletion of SSA1 and SSA2. 
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